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 ABSTRACT OF THESIS 
 
TOPOLOGY-BASED MODELING AND ANALYSIS OF ORTHOGONAL CUTTING 
PROCESS 
This thesis presents the application of topology to machining at the micro and macro 
levels through an experimental study, modeling and analysis. Uncoated carbide tools of 
four different cutting edge radii and four different feed rates are used to perform 
orthogonal machining on AISI 1045 steel disks.  The study analyzes the cutting forces, 
changing grain boundary parameters, micro-hardness, temperature and correlates them to 
the residual stresses that hold a key to the product life. This analysis helps to understand 
and evaluate the aspects of grain boundary engineering that influence the fatigue life of a 
component. The two components of residual stresses (axial and circumferential) are 
measured, and are correlated with the different cutting edge radii and feed conditions. A 
topology-based modeling approach is applied to study and understand various outputs in 
the machining process. The various micro and macro topological parameters that 
influence the machining process are studied to develop a model to establish the effects of 
topological parameters in machining using Maple program.  
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CHAPTER 1 
INTRODUCTION 
 
Every sector of the manufacturing industry is striving to increase productivity of the 
processes and simultaneously make it more sustainable by obtaining a better 
understanding of its detailed activities and their efficiencies, and thereby improve the 
process. More specifically, machining-based manufacturing industry is focused on 
reducing various costs associated with cutting tools, coolants and disposal of the chips, 
etc. generated during machining processes. Some of the advancements come in the form 
of using different and more effective forms of coolants, intelligent tool designs, use of 
different alloy compositions, etc. Another major challenge for industry is to improve the 
fatigue life of the machined components. The fatigue life of the components is critical in 
various industries such as the automotive and aerospace sectors. Several alternatives or 
ways to improve the product fatigue life during manufacturing are in use. They include 
surface treatment and improvement processes such as shot peening. The residual stresses 
generated during machining that contribute to the fatigue life are critical in machined 
components. Compressive residual stresses that are favorable for increased fatigue life 
are desirable while tensile stresses are to be avoided. There has been some work in the 
past few years in this area, but most of it is not yet translated to industrial practices. There 
have been several attempts to understand the role of residual stresses in the finished 
surface, but the approach that is presented in the current thesis is believed to be one of the 
first of its kind to attempt to understand the state of the machined surface in terms of 
topological parameters.  The choice of cutting conditions that generate the desired state of 
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residual stresses are key to advancing the understanding of the machining process that 
improve the product’s fatigue life. 
Topology is the branch of mathematics that studies the interconnectivity of the spaces 
and uses several axioms or principles that determine the connectivity. In this current 
work, the topological approach considered is at two levels, micro and macro levels 
namely. The cutting conditions that generate the desired state of residual stresses are key 
to advancing the understanding of the machining process. This work presents a 
comprehensive analysis of various machining process parameters, their interrelations and 
a topological modeling approach to understanding the cutting process. 
1.1    Overview of thesis 
Chapter two discusses the key research publications that are helpful in understanding the 
machining process and analyzing the experimental results. 
Chapter three gives a detailed description of the experiments conducted. It presents an 
analysis of the measurement data for two components of the cutting force and the 
temperature at five different locations on the groove of the cutting tool insert. It studies 
the effect of edge radius and feed rate on the measured temperature and cutting forces in 
machining of AISI 1045 mild steel. 
Chapter four gives a detailed description of sample preparations used for the 
metallographic analysis and the micro-hardness measurements. The results of the 
measured micro-hardness values within the various zones in the chip and at specific 
positions on the machined specimen for different cutting conditions are analyzed. Various 
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grain boundary parameters corresponding to the microstructural changes and topology are 
also evaluated. 
Chapter five discusses the measurement and analysis of two components of the residual 
stress. As the residual stresses hold a key for the fatigue life of any machined component, 
the experimental results and their variations are discussed. The data obtained gives a wide 
scope to understand the influence of cutting conditions such as the edge radius and feed 
rate on the fatigue life of a machined component. 
Chapter six presents the application of topology to the machining process and illustrates 
the use of Maple program to model various topological parameters. It also demonstrates a 
new methodology that is developed for interpolating the values of various topological 
parameters for arbitrary input values of edge radius and feed rates. This is a tool that can 
help in evaluating the quantitative effect of some of the topological parameters on the 
resulting properties on the machined surface and sub-surface. 
Chapter seven summarizes the work with concluding remarks, and discusses the scope of 
future research on the application of topology to machining. 
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CHAPTER 2 
LITERATURE REVIEW 
 
The inherent roundness of the cutting edge makes the basic Merchant’s metal cutting 
model and many other models ineffective, as once the cutting edge roundness is 
considered, it is impossible to locate the shear plane and define the shear angle. In some 
of the later models, where the plastic zone concept is used, it is generally assumed that 
the thickness of the plastic zone is a function of the edge radius and the rake angle of the 
tool, but no definite quantitative relationships are available.  
Experiments show that the specific cutting energy increases with an increase in the 
cutting edge radius because of the higher cutting forces, for a given uncut chip thickness. 
The specific cutting energy for a given tool however did not increase proportionately 
with the increase of uncut chip thickness. These two situations show the usefulness of the 
relation between the ratio of uncut chip thickness to the edge radius. Hence, studying the 
behavior of the rounded cutting edge on the cutting forces may make a difference on the 
accuracy of predictive modeling.  
Albrecht [1] mentioned ploughing as the major mechanism of metal removal in  
machining with a rounded edge tool. It was shown that a certain amount of metal is 
pressed into the cut surface creating residual stresses. Therefore, this ploughing 
mechanism causes the surface texture to be coarse or fine depending on the feed and the 
depth of cut. Ploughing is difficult when the tool has a large edge radius. As a result, the 
surface quality decreases with the increased cutting edge roundness. 
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Non-sharp cutting edges promote the formation of the built up edge (BUE). The BUE is 
subjected to the continuous growth and destruction of a bulky artificial tool tip which 
introduces tool chatter and vibration, while consuming significant power. This causes 
premature tool failure, rapid tool-wear and poor surface quality of the work.    
The effective rake angle can change when using a rounded cutting edge tool as a result of 
the BUE, changing the effective cutting edge conditions from the initial machining 
parameters to something different during cutting. This may cause a coarser surface 
roughness, high rate of tool-wear, or even may cause the tool to break or damage the 
workpiece. 
Knowing the actual behavior of a rounded cutting edge helps to reduce the cutting 
energy, prevents premature tool failure, reduces wear, exposes more ways of improving 
the tool geometry for chip breaking and chip control, as well as improving the overall 
quality of the work.  
Manjunathaiah and Endres [2] modeled the orthogonal cutting process of 70-30 brass and 
mild steel with tool inserts of varying cutting edge radius and analyzed the cutting force 
components. They suggest that the cutting forces are very sensitive to the change in the 
edge radius. Kim et al. [3] also modeled various edge radius tools and studied their 
effects on cutting forces in the orthogonal cutting of 0.2% carbon steel. Both of the 
above-mentioned models showed an increasing trend of cutting forces with an increase in 
the edge radius. Schimmel et al. [4] also reported that the effect of edge radius on the 
machining process parameters is prominent at lower values of uncut chip thickness in 
their experiments. They have selected values of ratio of uncut chip thickness to edge 
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radius ( t1/rn) ranging from 0.5 to 5 as representing the general range of practical interest 
in hard turning and finishing operations.   
It is very challenging to measure the temperature in the cutting zone during the process of 
machining. There have been several methods used by researchers to measure the cutting 
region temperatures in the past. In material removal processes, the temperature history 
corresponds directly to the part quality as it can influence the microstructure and the 
residual stresses on the machined surface. If properly controlled, the temperature can be 
used to produce desirable workpiece surface hardening [5]. Stephenson [6] used a direct 
radiance system in order to have a comparison with the tool-work thermocouple method. 
However, the tool-work thermocouple method was found to have three major error 
sources, relating to the thermo-electric voltage relationship, parasitic interfaces and 
vibrations due to excessive grounding [6].   
Embedded thermocouples have also been used by several researchers to establish semi-
empirical equations that relate tool temperature to cutting process parameters and tool 
wear [5]. Wanigarathne et al. [7] have investigated progressive tool-wear in machining of 
AISI 1045 steel with coated (TiN/TiCN/TiC) grooved tools, where they measured the 
temperature with a medium wavelength infrared camera system. 
Davies et al. [5] gave a detailed description of various types of methods that were used by 
researchers to measure the temperature in the material removal processes. They also 
outline the physics of each method and drew comparisons between the various methods 
that are used to measure the temperatures in material removal processes. 
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FEM-supported simulation of the cutting process allows the evaluation of the cutting 
temperatures both in the chip and the tool.  The change in temperature gives rise to the 
change in the microstructure of the material where the grains and grain boundaries 
transform. The large deformations induced by the machining process gives rise to the 
changes in grain boundaries and other microstructural parameters thereby influencing the 
physical properties of the material. 
Meyers et al. [8] have reported that the rotational dynamic recrystallization (DRX) has 
been observed where a region composed of nanocrystalline grains has also been located. 
Initial grains observed within the shear bands area were large in size. This is referred to 
as amorphization within the shear bands. The formation of serrated chip has been 
attributed to adiabatic shear bands developing during cutting [8]. 
Thiele and Melkote [9] have conducted experiments where they have performed finished 
hard turning on through-hardened AISI 52100 steel. Polycrystalline cubic boron nitride 
(PCBN) inserts of different edge radii and chamfers were used to study the effect of edge 
geometry on the residual stresses generated. The sign of the residual stresses, whether 
compressive or tensile, was correlated to the phase change and volume expansion 
accompanying the formation of a white layer. The large edge radius tools produced large 
values of compressive residual stress in the axial and circumferential directions in the 
machined surface. They suggest that the smaller edge radius tools produce over-tempered 
surface layers with tensile residual stresses for low hardness (41 HRC) values of 52100 
steel and compressive residual stresses for high hardness (57 HRC) values of 52100 steel. 
The microstructure analysis reveals the state of the surface residual stresses and their 
correlation with microstructure. Surface residual stresses in the axial and circumferential 
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directions correlate with each microstructural pattern occurring due to the phase changes. 
Specifically, all samples that show continuous white layers on the surface of the 
workpiece, display compressive residual stress in the axial and circumferential directions. 
Microstructural analysis shows that thermally-induced phase transformation effects are 
present at all feeds and workpiece hardness values in machining with the large edge hone 
tools, but only at high feeds and hardness values when using the small edge hone tools. In 
general, continuous white layers on the workpiece surface correlate with compressive 
residual stresses, while over-tempered regions correlate with tensile or compressive 
residual stresses, depending on the workpiece hardness [10]. 
Jang et al. [11] have also studied the effect of edge radius on the residual stress state in 
turning of AISI 304 stainless steel and their results show that the tools with large edge 
radius produced residual stresses that are more compressive in nature and improve the 
fatigue life of the component.   
The topology of grain boundary networks affects various material properties such as the 
corrosion resistance, and strength of the material. The intergranular changes that take 
place during the process of machining can be understood by using various topological 
transformations. The concepts of unit operations, elimination of hexagonal cells and other 
aspects can be applied to any given 2D microstructure, given that we can distinguish the 
boundaries and clusters in the microstructure.  Therefore, there are limitations imposed 
on grain size changes by the topological restrictions. 
The dislocation density and the movement of the dislocations play an important role in 
the grain boundary ranges and influence the microstructure of the material [10].  
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Joshi and Melkote [10] suggest that the strengthening of the material is due to the 
dislocation interaction process, and that the greater the geometrically necessary 
dislocation density, the greater the strength of the material.  
Mullins [12] studied grain boundary migration and translation using mathematical 
models. The grain boundaries of a recrystallized metal when annealed migrate towards 
their centers of curvature with a certain pressure given by the product of the curvature 
and the free energy. The reduction in the areas of the curves representing the two- 
dimensional grain boundaries that preserve the area is the driving force. Mullins [12] has 
modeled the grain boundaries as curves which preserve their shape while obeying the 
curvature rule. He has also identified three types of solutions namely, uniform 
magnification, translation and rotation. 
Machining also induces residual stresses on the surface of the finished product. These 
residual stresses hold a key to the fatigue life of the machined component. Thiele and 
Melkote [9] studied the effects of edge preparation on the three components of residual 
stresses induced by machining of 52100 steel of different hardness values in machining 
with PCBN inserts of varying edge geometry. 
Outeiro et al. [13]   have also measured the residual stresses created when turning AISI 
316L and AISI 1045 steels with coated and uncoated tools of finite edge radii. That study 
compares the effect of edge radius and coating on the residual stresses generated in 
oblique cutting. The results show that the oblique machining with the coated tools using a 
certain CVD coating TiC/TiCN/TiN produces higher residual stress values in comparison 
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with uncoated tools when large edge radii are used at low feed rates. Analytical models 
and experimental techniques were used. 
Sasahara et al. [14] have studied the effect of cutting tool geometry and cutting 
conditions on the surface residual stresses generated during the face turning of 
70%Cu30%Zn brass. However, they used carbide tools of different corner radius unlike 
the edge radius considered in the present work. They found that with the decrease in the 
corner radius of the tool inserts and the decrease of the feed rate,, the created residual 
stresses are more compressive in nature. They suggest that corner radius and feed rate are 
some of the important parameters that can be used to control the values of the residual 
stresses across the machined surface. Sasahara et al. [14] so mentions that during a 
machining sequence involving rough cuts through finishing cuts, an affected layer is 
generated and subsequently removed by the following cut in machining operations such 
as turning or milling. Chip forming processes are affected by the work-hardened layer 
and/or residual stresses within the machined surface layer. He further states that when the 
work-hardened layer is machined, the shear angle usually increases and the residual stress 
decreases compared with an annealed workpiece. 
The deformed layer, or the zone that Sasahara [15] mentioned, is clearly visible from the 
microstructural analysis that is reported in the current work in both the chip and surface 
layer of the machined disk as will be discussed in the subsequent chapters. The 
deformation zone or the region in which the grains are deformed, or are affected due to 
the actual cutting process is clearly observed. Sasahara [15] also performed fatigue tests 
on AISI 1045 steel specimens machined with tools of varying cutting edge geometry. The 
fatigue life and surface hardness, as shown in the Figure 2.1 gives a combined view of the 
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effects of cutting edge geometry on the fatigue life and the mechanical properties of the 
surface layer. 
 
Figure 2.1:  Interaction of residual stresses with hardness and fatigue life 
in machining [15]. 
 
Ee et al. [16] modeled the orthogonal cutting process using FEM, and studied the effect 
of finite edge radius tools on the residual stresses of the machined product. They  
incorporated certain changes to earlier approaches to improve the accuracy of the 
predictability of the model. The criteria that were used include: (a) using a modified 
Johnson–Cook material model that is augmented by a linearly elastic component to 
describe the material behavior as non-Newtonian fluid; (b) using a remeshing scheme to 
simulate the material flow in the vicinity of the rounded cutting tool edge without the use 
of a chip separation criterion; (c) properly accounting for the unloading path; and (d) 
considering the thermo-mechanical coupling effect on deformation. Case studies were 
performed to study the influence of sequential cuts, cutting conditions, etc., on the 
residual stresses induced during orthogonal machining of AISI 1045 steel.  
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CHAPTER 3 
MEASUREMENT AND ANALYSIS OF CUTTING FORCES AND 
TEMPERATURE 
 
 
3.1    Introduction 
This chapter presents the effect of cutting tool edge radius and feed rates on the cutting 
forces and temperatures on chip free surface and in the cutting zone. The AISI 1045 steel 
disks were dry machined orthogonally with uncoated carbide tools having four different 
cutting edge radii and at four different feeds. Metal cutting processes are generally 
modeled by considering that the cutting tool has a perfectly sharp cutting edge. Based on 
this assumption, shear plane and shear zone machining theories were developed 
enhancing the understanding of the metal cutting process. Tool cutting edges usually 
have a small radius, which during service wears and becomes blunt. During the cutting 
process, a built up edge is continuously formed in the tool tip region. Hence, the inclusion 
of the edge geometry effect into machining models provides a more accurate picture of 
the process. This offers a good basis to study the effect of cutting edge radius on cutting 
forces, temperature and other aspects of cutting such as the variation of residual stresses 
and micro-hardness. The knowledge of the temperature distribution and the location of 
the maximum temperature at the chip-tool interface are important, as this has a dominant 
influence on tool-wear/tool-life, part quality, part accuracy and residual stresses that 
contribute to the useful fatigue life of the component. As described below, an infrared 
camera was arranged so that it could view the specimen from the side so as to be able to 
measure the temperature in the cutting zone. 
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3.2    Experimental work 
Figure 3.1 shows the experimental set-up. At the beginning of each series of experiments, 
a new tool insert is mounted onto the tool-holder, a new work material disk is fixed to the 
mandrel, and the tool dynamometer and the infrared camera are set up for measurement 
of cutting forces and temperature in the cutting zone. Table 3.1 shows the cutting 
conditions used during the dry orthogonal cutting of AISI 1045 steel. After a disk is 
finished being machined, the dynamometer values are observed to measure Fc and Ft. The 
chips are collected from each experiment and the infrared images are separately saved for 
later study. The temperature is measured at various regions of the tool-chip contact, by 
placing the camera facing in the axial direction using a special fixture that was built to 
suit the needs of the experiment. The experiments are repeated three times as it is not 
possible to measure the temperature in all regions simultaneously. However, the AISI 
1045 steel disks used are from the same stock of material and there was no known 
alteration of any machine coordinates or the tool positions to affect the experiments. 
Figure 3.1: The experimental set-up 
 
 
(IR) 
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Table 3.1: Cutting conditions used in experiments  
Cutting speed (m/min) 175 
Feed (mm/rev) 0.05, 0.2, 0.3, 0.4 
Width of cut (mm) 3 
Work material AISI 1045 steel 
Hardness (HB) 200 
Disk diameter (mm) 152 
Disk thickness (mm) 3 
Tool insert type TNMG-432 
Tool material Uncoated carbide 
Tool grade P20 
Tool edge radius (µm) 15, 30, 55, 75 
3.3    Measuring cutting forces 
The two components of the cutting force, namely the feed (Ft) and the cutting forces (Fc), 
are measured using a KISTLER 9121 three-component tool dynamometer. The 
dynamometer is calibrated initially using a load of known value.  The force signals are 
correlated and the dynamometer is adjusted to show this value. The dynamometer is set 
to record the data on the cutting forces for each experiment and the data files are analyzed 
later. The mean, or the average force, is recorded along with the standard deviation so as 
to give an amplitude to the force variation due to the cyclic nature of the forces. Several 
initial experiments were performed to measure, analyze and eliminate signals from any 
likely chatter or instability. The cutting force signals also help in improving the 
experimental set-up as during the trial runs, it is easy to identify the stray signals, or 
signals due to vibration of the tool or workpiece. A total of 16 experiments were 
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conducted and the force data was collected and analyzed. Table 3.2 shows the measured 
force values and their standard deviations for all 16 test conditions. 
Figure 3.2 shows the mean cutting force variation obtained during the machining of AISI 
1045 steel disks at a constant cutting speed of 175 m/min with uncoated carbide tool 
inserts of varying cutting edge radii and at various feed rates. Figure 3.3 shows the 
corresponding data for the feed force.   
Table 3.2: Measured cutting force and feed force values 
Edge 
radius 
(µm) 
Feed 
(mm/rev) 
Fc (N) 
 
Ft (N) 
 
 
 
Mean St.Dev Mean St.Dev 
15 0.05 326.7 45.7 169.3 35.5 
15 0.2 767 62.3 312.4 42.3 
15 0.3 961.87 88.4 428.9 55.6 
15 0.4 1106 59.2 593.2 72.3 
 
     
30 0.05 431.26 61.2 285.2 86.5 
30 0.2 889.75 42.9 477.2 32.1 
30 0.3 1110 89.2 535.3 74.3 
30 0.4 1210.6 77.7 632.3 88.2 
 
     
55 0.05 524.11 91.2 215.9 64.2 
55 0.2 973.34 72.3 383.4 59.4 
55 0.3 1215.7 65.6 510.4 60.5 
55 0.4 1235.1 90.8 523.7 77.3 
 
     
75 0.05 490.1 32 277.2 65 
75 0.2 1050.3 66.5 402.88 74 
75 0.3 1223.4 42.9 535.1 22.1 
75 0.4 1271.2 44.7 577.2 90.8 
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Figure 3.2: Measured cutting force variation with tool edge radius and feed 
 
Figure 3.3: Measured feed force variation with tool edge radius and feed 
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It can be seen that with an increase in the edge radius there is a slight increase in the 
cutting forces. The analytical model developed by Manjunathaiah and Endres [2] for 
orthogonal cutting of 70-30 brass and mild steel also showed increase in the cutting force 
components with increase in the cutting edge radius, although they did not consider the 
stagnation zone or the build-up edge phenomenon. Kim et al. [3] studied the effects of 
cutting edge radius during orthogonal cutting of 0.2% carbon steel, and also observed the 
trend of increasing cutting forces with the edge radius.  Analytical models of Yen et al. 
[17] also show evidence that the cutting force components increase with an increase in 
edge radius. They also showed that there was more chip curling and a larger region of 
sticking at the tool-chip interface in machining with larger values of edge radius.  The 
cutting forces also increase with an increase in the feed for each edge radius. As the 
cutting edge radius increases, the cutting forces tend to show less variability at higher 
feed rates. This can possibly be attributed to the bluntness of the cutting edge or the 
stagnation zone. The cutting forces tend to be constant as the cutting process takes place 
over an increased contact region. However, the combined effect of edge radius on cutting 
forces, residual stresses and the quality of the finished surface, tool-wear, all must be 
considered when attempting to find an optimum value for the cutting edge radius. 
3.4    Temperature measurements 
The most common experimental methods for measuring temperature in metal cutting 
processes are: direct conduction, indirect radiation, and metallographic. Generally, these 
methods include: tool-work thermocouples, embedded thermocouples, radiation 
pyrometers, and metallographic techniques using powders of fixed melting point. The 
tool-work thermocouple technique considers that the tool and the workpiece are two 
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different materials. The potential difference generated due to the temperature change is 
calibrated. Stephenson [6] used this technique for measuring the temperature in cutting 
tests on grey cast iron and aluminum with WC tools. The main difficulty with this 
method is that it gives only a mean value of the temperature along the whole tool-chip 
contact area. The response time of thermocouples means that temperatures that occur for 
split seconds are not recorded and coolants cannot be used. The radiation techniques are 
non-contact thermographic methods to measure the surface temperature of the body 
based on its emitted thermal energy. The radiation technique has many advantages such 
as faster response times, no adverse effects on the material, etc. However, the 
measurement position has to be selected carefully as the accuracy may be significantly 
affected by chip obstruction, humidity or by the presence of mist or even dust. The major 
difficulty here is in getting the exact surface emissivity under cutting conditions as it 
strongly affects the measured temperature. The emissivity values depend on a number of 
parameters including the temperature, surface roughness, surface condition (shininess) 
and the angle of visualization. Wanigarathne et al. [7] have measured the temperature at 
the various spots on the tool insert across the nose, rake face, back wall and secondary 
face as shown in Figure 3.4, to study the effect of temperature on various forms of tool-
wear. 
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Figure 3.4:  Tool-work arrangement as seen through the IR camera (left) and the spots (1: 
nose, 2: rake face, 3: secondary wall, 4–6: back wall, 7: flank face) where the temperature 
measurements are made (right) [7]. 
 
The model by Kim et al. [3] showing the effect of edge radius when orthogonal cutting 
0.2% carbon steel has also shown that the temperature increases with the increase in edge 
radius. It is clearly understood that with the increase in the edge radius, the area of 
contact also increases; hence, the friction causes the increase in temperature. However, 
with the increase of contact zone, there is also increased heat transfer through conduction, 
convection and radiation forms. Hence, the temperature measured is the net effect. Nasr 
et al. [18] modeled the orthogonal cutting process of AISI 316L stainless steel and 
studied the effect of edge radius on the temperature and residual stress profile. They have 
also shown the trend of increasing temperature with the edge radius. However, they 
attribute the increase in the temperature to a stagnation zone developed for non-sharp 
tools underneath the tool-edge acting as a first effective edge. As the edge radius is 
increased, the location of the stagnation zone can move away from machined surface 
along the tool, thus increasing ploughing forces and temperature.  
However, as the objective here is to study the effect of edge radius on the temperatures, 
we have identified five spots on the tool in the regions of nose, rake face, flank face and 
backwall to compare with the temperature on the chip free surface generated for the same 
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cutting conditions. The tool profile of the uncoated carbide TNMG-432 inserts (15, 30, 
55 and 75 µm) was measured using a Nikon Epihot microscope to determine and 
precisely locate where the temperature is measured. However, the spatial resolution and 
frame rate of the camera pose a severe limitation to do any more extensive 
measurements. 
3.5    Measurements and analysis 
A FLIR Systems ThermaCam PM695 infrared camera, which operates within the 7.5 - 13 
μm infrared wavelength within the temperature range of – 40
0
C up to 2000
0
C (accuracy 
of ± 2 
o
C), is used to measure temperature of the tool chip interface.  A macro lens with 
100 mm focal plane was used to capture the IR radiation from this area. The maximum 
spatial resolution of the picture was 200 x 200 μm, which provides a clear picture of the 
chip flow within the groove profile, though it is too large of an area to measure the 
temperature gradient at the tool-chip interface. 
3.6    Camera calibration 
The thermal emissivity is a material’s radiation property which is temperature-dependent. 
To evaluate the emissivity of the coated tool insert at various temperature levels, a type K 
thermocouple was fixed to the surface of the tool insert, and placed in an oven. The oven 
is heated to various temperatures ranging from 100
0
C to 900
0
C. This range would 
encompass the entire temperature range expected during the metal machining process. 
Once the desired tool temperature is reached, it is taken out of the furnace and kept inside 
a black enclosure, and the temperature is measured with the IR camera keeping the 
emissivity at unity. From the known temperature (from a thermocouple) and the apparent 
temperature reading of the infrared camera, the thermal emissivity of the tool insert is 
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determined. The emissivity value of 0.70 is used to calculate and estimate tool-chip 
interface temperature by processing the thermographic images. Similarly, the emissivity 
of the workpiece was also determined. However, the emissivity value for the chip free 
surface for the AISI 1045 steel is determined to be 0.85 for the given temperature range, 
as M’Saoubi and Chandrasekharan [19] have calculated extensively for various 
wavelengths. A convex screen made of Potassium Bromide (KBR) crystal that allows 
wavelength range of the infrared radiation is used with the eyepiece. The chip is then 
heated to various known temperatures in an oven and the temperature is measured with 
and without the KBR protection. A calibration curve, as shown in Figure 3.5, was 
obtained and used to calculate and analyze the actual temperatures. 
 
                                         Figure 3.5: Calibration curve for KBR screen 
Table 3.3 shows the coefficients for the quadratic fit that was obtained for calibrated 
temperature values. 
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Table 3.3: Coefficients for the quadratic function for data with KBR screen 
 
Quadratic Fit: 
 
Y = a+bx+cx2 
 
 
Coefficient 
Data: 
 
 
a 
-9.17913 
 
b 
1.620612 
 
c 
-0.00066 
 
 
Similarly, a Zinc Selenide (ZnSe) screen that transmits infrared wavelength of 0.5-22 
(µm) was used with the camera lens so as to enable the temperature measurement in the 
axial direction. To calibrate this case, the tool insert is heated to various temperatures in 
the range of 200- 800 °C. The calibration curve obtained and shown in Figure 3.6 is used 
to analyze the thermographic images in the cutting region. The data is fit with a quadratic 
function with coefficients shown in Table 3.4. 
 
 Figure 3.6: Calibration curve – ZnSe screen 
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        Table 3.4:   Coefficients for the quadratic function for data with ZnSe screen 
 
Quadratic Fit:  
 Y = a+bx+cx
2 
 
 
Coefficient 
Data: 
 
 
a  -5.09431 
b  1.754601 
c  -0.00087 
 
A special fixture was built for mounting the camera in order to allow it to move with the 
tool holder. This fixture has movement about 3-axis making it flexible and universal so it 
can be adjusted to the focal distance of the camera and measure a region for any 
machining experiment. The fixture was designed to keep the camera rigid which 
produces better results during the actual cutting process as there can be significant 
vibration during the tool advancement if the fixture is not rigid. The thermo-graphic 
images as shown in Figures 3.7 and 3.8 clearly show the tool grove profile and the chip 
curl.  
                     
Figure 3.7: Infrared image in the axial       Figure 3.8: Infrared image visualizing the 
                direction                                      cutting process from the top view 
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3.7    Temperature Measurements 
Temperature is measured at five spots on the groove geometry on the tool insert, namely 
at the (1) rake face region, (2) transition region, (3) secondary wall, (4) backwall and the 
(5) flank face region. Figure 3.9 shows the groove geometry and the various points on the 
groove profile where the measurements are made for feed rates of 0.05 mm/rev and 0.2 
mm/rev and inserts of four different edge radii (15, 30, 55 and 75 µm). Figure 3.9 shows 
the side view section of the cutting tool, workpiece and chip during the process of 
orthogonal cutting and various spots of temperature measurement labeled. Shown in 
Figures 3.10 and 3.11 are the plots showing the variation of temperatures at various 
regions on the tool insert for various cutting conditions. 
                                       
Figure 3.9: Section of cutting process with spots of temperature measurement 
 
4 3 
2 
1    
5 
Tool 
Workpiece 
Chip 
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Groove parameters of TNMG 432 - uncoated carbide insert 
The parameters of the used tool inserts are: Groove width: 1.84 mm; Land length: 0.135 
mm; Groove radius: 1.068 mm; Backwall height: 0.042 mm. The labeled temperature 
measurement points are: 
Point 1:  0.06 mm from the cutting edge in the rake face region 
Point 2: 0.128 mm from the cutting edge in the transition region between rake face and      
secondary wall 
 
Point 3: 0.63 mm from the beginning of the grove in the secondary wall region 
Point 4: 1.43 mm from the beginning of the grove in the backwall region 
Point 5: 0.045 mm from the cutting edge in the flank face region 
Here, the origin for the measurements made above is the visible tool-tip of the uncoated 
carbide insert of finite edge radii. 
The temperature increases with the increase in the edge radius for feed rates of 0.05 and 
0.2 mm/rev, respectively at all points across the groove geometry in the tool.  The highest 
temeperature of 580 °C is recorded at the point that is located in the transition region (2) 
of the rake face with the secondary wall for feed rate of 0.2 mm/rev. Figures 3.10 and 
3.11 show the variation of the temperature with edge radius at various temperature 
measurement points shown in Figure 3.9 and described above. As the edge radius 
increases, the temperature profiles across the rake face and the transition point show 
similarity, and especially above 55 µm edge radius, they record closer values. 
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Figure 3.10: Temperature variation with edge radius at five points along the tool grove 
profile for  f = 0.05mm/rev 
 
Figure 3.11: Temperature variation with edge radius at five points along the tool groove 
profile for  f = 0.2 mm/rev 
 
Another noticeable fact is that for a feed rate of 0.2 mm/rev the temperatures in the rake 
face and backwall region show closeness. The difference in the temperatures in the 
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regions of rake face and backwall for lower feeds can possibly be attributed to the chip 
formation, since long ribbon like chips are formed. For higher feed, f = 0.2 mm/rev, the 
tool-chip contact length decreases, so we can see regular curled chips. The time of 
contact also decreases hence there is no significant variation in the temperatures except 
for the higher edge radius value of 75 µm. For 75 µm edge radius, there is a clear 
distinction in the temperatures in the three regions. It can be possibly attributed to the 
increase in the temperature due to friction, and increased contact is significant enough for 
the differences in temperature. More experiments with a large range of edge radii can be 
helpful in arriving at optimum values of radius to generate low temperatures. It is very 
significant to understand the effect of the edge radius on temperatures as they have an 
effect on the residual stress state and micro-structural properties in the finished product. 
Figure 3.12 shows the temperature variation on the chip free surface at various feed rates. 
It can be clearly seen that with an increase in the feed, there is a decrease in the 
temperature on the chip free surface, which can be attributed to the increasing chip 
thickness. The temperature generated is due to the combined effect of the increase in chip 
thickness and simultaneous increase in the temperature in the cutting zone. As the edge 
radius increases the temperature also increases on the chip free surface until 55 µm edge 
radius. The temperature subsequently decreases for a 75 µm edge radius tool insert.  
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Figure 3.12: Variation of temperature on chip free surface with edge radius 
There is a significant difference between the temperature in the secondary wall region 
and that on the chip free surface, in some cases a difference of 200 °C.  Figures 3.13 and  
3.14 show the temperatures in the regions on secondary wall and chip free surface. The 
temperature is significantly higher in the secondary wall region compared to the chip free 
surface. The temperature difference remains consistent and increasing with edge radius 
except for edge radius equal to 55 µm. The chip free surface is relatively cold when 
compared with the temperature in the secondary wall region - as the chip moves away 
from the cutting zone (heat source) there is a decrease in the temperature. 
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Figure 3.13: Comparison of temperatures at the transition point and chip free surface  
for f = 0.05mm/rev 
 
Figure 3.14 : Comparison of temperatures at the transition point and chip free surface  
for  f = 0.2 mm/rev 
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CHAPTER 4  
MEASUREMENT AND ANALYSIS OF MICRO-HARDNESS AND 
MICROSTRUCTURE 
 
4.1    Introduction 
Changing grain topologies play a significant role in altering the strength of materials as 
can clearly be seen from the Hall-Petch relation [22] (4.1) between the material yield 
stress and grain size. Therefore, the smaller the grain size the greater the yield strength of 
the material, which is accompanied by higher corrosion resistance. 
 
where ky is the strengthening coefficient (a constant unique to each material), σo is a 
materials constant for the starting stress for dislocation movement (or the resistance of 
the lattice to dislocation motion), d is the grain diameter, and σy is the yield stress.  
The study of the variations that develop in the microstructure of a material is important 
when trying to understand the changes that are induced by the machining process. As the 
work material is subjected to high temperatures and undergoes severe plastic 
deformation, the microstructure possibly undergoes a transformation.                   
Microstructural changes during machining are controlled by the changes in the 
temperature and strain. The accompanying changes in physical properties such as the 
residual stresses, surface finish, flow stresses, hardness and other parameters vary in 
magnitude and importance. Phase changes might be produced at unusual pressures and 
temperatures by the high strain-rates and large deformations that occur during machining.  
Certainly, the temperatures at which a phase change will occur are likely to be altered. 
                                                                                                (4.1) 
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The workpiece used here is hot rolled AISI 1045 steel with an initial average hardness of 
200 BHN.  
During machining, there can be a significant change in microstructure that is related to 
the transformation of the grains and grain boundaries. It is known that the changes in the 
microstructure are caused by the movement of dislocations and related phenomenon such 
as the rotational dynamic recrystallization (DRX) process. Meyers et al. [8]  have carried 
out split Hopkinson bar tests (high strain-rate experiments)  to understand the formation 
of adiabatic shear bands, which are responsible for the serrated chip formation and which 
are more likely to occur at high strain-rates due to DRX. They performed post 
deformation analysis using the EBSD and TEM to understand the microstructural 
transformations. In any machining process, the grains can subdivide and also change their 
orientation in order to accommodate the imposed strain. When DRX is observed in a 
region, nanocrystalline grains are also frequently observed. In Meyer’s experiments [8], 
grains observed within the shear bands were initially large and then become very small. 
This is generally referred to as amorphization. DRX occurs within the shear bands when 
the temperature is over 0.5 Tm for a fraction of a millisecond. It occurs with a 20-100 
millisecond duration, lowers the flow stress and causes strain localization (i.e., 
deformational instability) which in turn causes the primary shear region to be thin and 
serrated chips to form. Hines and Vecchio [20] suggest that the DRX is divided into three 
components: sub grain formation, sub-grain rotation, and sub-grain boundary refinement. 
Rhim and Oh [21] have incorporated the DRX in their FEM model that was used to 
predict serrated chip formation in orthogonal cutting of AISI 1045 steel. They did this by 
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using a constitutive equation for a work material that thermally softened due to 
temperature increase. 
The other approaches towards studying microstructure are the percolation models. They 
are very effective tools that can be used to model certain defect-sensitive properties of 
polycrystalline materials [22]. Basinger et al. [22] have studied the connectivity of the 
grain boundary networks in the microstructure of 304 stainless steel by determining the 
percolation threshold that is associated with certain critical phenomenon such as 
intergranular failure. The required 2D data was obtained by orientation imaging 
microscopy to analyze the grain boundary-orientation connection. They identified the 
grains as having High Angle Random (HAR) boundaries (susceptible to intergranular 
failure) and identified them as open, while they classified as Non-HAR the grains that 
they presumed immune to failure and labeled them closed. The percolation models serve 
as effective tools to understand the grain boundary networks and the failure mechanism. 
However, the data used is 2D, which implies that the section of the microstructure that 
has various crystal planes is being studied to measure various properties of the grains and 
grain boundaries.  
Joshi and Melkote [10] have studied the size effect in machining using strain gradient 
plasticity method.  They suggest that the strength of the material is considered to be a 
function of strain gradient as well as the strain, etc. They observe that the strengthening 
of the near surface material is primarily the result of the dislocation processes. Hence, the 
greater the strengthening of the material, the higher the density of the geometrically 
necessary dislocations required for this to occur. As the deformation of a material during 
machining is a very complex process involving large inhomogeneous strains, high strain-
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rates and large temperature changes [10], it is essential to understand the role of the initial 
microstructure and its changes. 
4.2    Experimental procedure 
At the beginning of each series of experiments, a new tool insert is mounted onto the   
tool-holder, and a new work material disk is fixed to the mandrel. A total of 16 disks 
were machined for the various cutting conditions defined in the Table 3.1 of Chapter 3. 
During the experiments, chips are collected and labeled for the various cutting conditions.  
As shown in Figure 4.1, a sector was sliced from the disk and the region which consists 
of the finished surface layer is mounted, etched and polished for further metallographic 
examination and measurement of residual stresses and micro-hardness across various 
depths from the finished layer. 
 
Figure 4.1: Region on the disk for microstructure analysis 
The metallographic sample preparation and examination method is described below. 
4.3    Instrumentation 
Struers Mounting Press (Prontopress-20) is used for preparing the mould for the sample 
while a  Struers grinding and polishing machine (Rotoforce-3, Multi Doser, Rotopol-25) 
       Region for 
microstructure analysis 
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is used for grinding and polishing the specimen sizes. A Struers-Discotom-5 grinding 
wheel was used for cutting a sector of the disk for mounting the specimen, while a Nikon 
Epihot microscope was used for microstructural observation at various magnifications. 
4.4    Description of metallographic examination 
In order to understand the microstructural changes or observe the microstructure of a 
given material, the following steps below are taken. 
Step 1: The sample is cleaned, cut to the desirable size and mounted on the sample holder 
in the mounting press. 
Step 2: The sample is cut to suit the mounting and can either be hot mounted or cold 
mounted, depending on the application.  
Step 3: The mounted samples are cleaned and then they undergo the process of grinding 
and polishing using selective abrasive particle sizes and lubricating solutions. This was 
done in accordance with the program for medium carbon steels that lists the grades and 
steps of using the grinding wheel mountings used in the Struers System. 
Step 4: For each specimen and magnification at which the microstructure is to be 
observed, a suitable etchant is selected with an appropriate etching time. The samples are 
washed clean with alcohol and water followed by drying using high pressure air. For the 
1045 steel, a 2% Nital solution is used as an etchant and the etching time is selected to be 
3-5 seconds depending on the amount of material being etched. 
Step 5: After being etched sufficiently, the samples are then observed under a 
metallurgical microscope. A Nikon Epihot microscope is used to observe the 
microstructure at 200x and 500x magnifications. 
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These steps are followed for preparing samples for metallographic examination. 
However, they can also be broadly classified into activities as: 
(i) Mounting 
(ii) Grinding/Polishing 
(iii) Etching 
Each of these activities is now discussed with the steps and measures followed during 
the sample preparation.  
If the samples are large, they are cut using the Struers Discotom-5 cut off wheel with an 
abundant supply of coolant so as to not to alter the material properties or the 
microstructure details. Before using the cutoff wheel, one has to select the compatible 
grade of cutoff disk, as they differ and depend on the hardness of the materials to be cut. 
(e.g., hard ferrous metals require Grade 32 TRE). 
(i) Mounting the Specimen: 
The specimens used in this project are cold mounted in order to eliminate possible effect 
of temperature changes and thereby causing microstructure variations. The disadvantage 
of cold mounting is the amount of time it takes for the specimen to be dry - in most cases 
it can take from 24 to 36 hours depending on the resin used. 
In hot mounting, we use a Struers Mounting Press, an advanced programmable      
mounting press with two cylinders. For the highest throughput, synchronous or 
independent operation of the two mounting cylinders is recommended. 
The resin to be used is selected from the manufacturer’s manual, for example Condufast 
resin, which is made of acrylic resin with iron powder filler, is used for electro polishing 
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since it is electrically conductive with very low shrinkage. However, Multifast resins that 
are made of phenolic resin with wood filler are used for routine examinations. The 
heating temperature, setting time and cooling time are set in the machine by programs 
that can be modified. The important step is that the antistick powder must be applied to 
the surface where the resin is to be poured when mounting the specimen to make it 
convenient when removing the sample. The cooling time must not be reduced to less than 
2 minutes, as it might lead to insufficient cooling that can result in artifacts. The resin 
may decompose and result in hazardous conditions when the resin and fumes are still hot. 
 
Figure 4.2: Pronto Press 20- mould preparation press 
 
 
(ii) Grinding and Polishing the specimen 
The specimens to be mounted are placed firmly in a holder with all the surfaces on the 
same level and then coupled to the spindle of the Struers Rotoforce equipment that rotates 
and holds the specimen on various grinding and polishing papers that are held 
magnetically on the rotating grinding disk. The Struers apparatus has separate procedures 
for the different materials that are to be examined. These procedures are stored in the 
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Multidoser and Rotopol that are part of equipment and that control the lubrication during 
the actual process of grinding/polishing. For any given material, the program is retrieved 
and the bottles with necessary lubricants are setup and the various grades of grinding 
polishing paper are made available in the order specified. At the end of use of each grade 
of paper, the specimens are cleaned with soap and water and dried using compressed air. 
The forces and the polishing times can be changed in the system before the process starts 
using auto or manual modes. The program for medium carbon steels is retrieved and used 
for all the samples reported herein. 
(iii) Etching the sample 
The samples are etched using the etchant that is appropriate for the material. The etching 
time and the etchant composition are also dependent on the level of details that are to be 
observed in the microstructure samples. Figure 4.3 shows an example of the 
microstructure of 1045 steel at 200x magnification with different grain sizes in different 
phases. The sample was etched with a 2%Nital solution for 6 seconds and washed and 
cleaned with alcohol and water. The compressed air is used to keep the sample dry at the 
end of each step. 
 
Figure 4.3: Microstructure of AISI 1045 steel with 200x magnification of a machined 
sample for V = 175 m/min, rn = 75 μm, f = 0.05 mm/rev 
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4.5    Measurement of micro-hardness 
Micro-hardness testing is an indentation method for measuring the hardness of a material 
on a microscopic scale. A precision diamond indenter is impressed into the material at 
loads from 15 to 1000 gf. The impression length, measured microscopically, and the test 
load are used to calculate a hardness value. 
In the present experiments, the formula used to calculate the micro-hardness value is: 
HV = 1.854* (F/d
2
)                                    
Where : 
F = Load in kgf 
d =  (d1+d2)/2 (Arithmetic mean of the two diagonals of the indent, d1 and d2 in mm) 
HV = Vickers hardness 
 Here, a CLARK Digital Micro-hardness Tester CM-700 AT with a minimum measuring 
unit and minimum graduation of 0.1µm and 500x magnification is used for micro-
hardness measurements within the chips and also at various depths below the finished 
surface. The loads and the indent sizes used during the micro-hardness testing are very 
small - of the order of 15 to 1000gf - when compared with the conventional hardness 
testing methods. 
The indentations are made using a square-based pyramid indenter (Vickers hardness 
scale). The hardness impressions can be precisely located using the microscope to 
perform tests on microscopic features. The micro-hardness values obtained are useful as 
an indicator of materials properties. 
(4.2) 
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4.5.1   Measurement of micro-hardness on the surface of machined disk: 
Micro-hardness was measured across four depths on the finished surface of the samples 
that were machined under different cutting conditions.   
Measurement Specifications are: 
 Load: 1967 mN 
 
 Dwell time: 12 seconds 
 
 d1 and d2 measured give the average diagonal diameter. 
 
4.5.2   Measurement of micro-hardness across various zones on the chip: 
Ganapathy and Jawahir [23] have classified three zones across the 2D chip during the 
chip breaking cycle as shown in the Figure 4.4. The micro-hardness measurements were 
made across the three zones and in three regions namely the retarded layer, the middle 
layer and the end layer across the chip thickness in each zone for each cutting condition, 
as shown in Figure 4.5. A total of 144 hardness measurements were made across three 
regions and three zones for 16 different cutting conditions (Table 3.1) for chips obtained 
in the orthogonal dry cutting of AISI 1045 steel. 
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Figure 4.4: Geometrical representation of various zones [23] in a 2D chip  
                              
Figure 4.5: Chip micro-hardness measured across 3 layers, (1) retarded layer,  
(2) middle layer and (3) end layer 
4.6    Microstructure, micro-hardness measurements and discussion of results 
As the disks are machined with uncoated carbide inserts of 4 different cutting edge radii, 
there is a clear effect of the influence of edge radius on the final microstructure on the 
Zone 1 
Zone 2 
Zone 3 
2) Middle Layer  
1) Retarded 
Layer  
3) End layer  
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surface layer of the disk. The cutting edge radius also affects the micro-hardness across 
the depth for various cutting conditions. In the microstructural image shown in Figure 
4.6, the grains are being bent and dragged by the cutting edge leading to sheared grains 
on the product’s finished surface layer. The Scion imaging software is used to evaluate 
and process the images obtained for different cutting conditions. It can be clearly seen in 
Figure 4.6 that the edge radius plays an important role in shearing the grains and creating 
a layer of deformed grains on the finished surface.  
      
Figure 4.6: Microstructure of the end layer in the machined AISI 1045 steel disk for              
V = 175 m/min, rn = 75 μm, f = 0.05 mm/rev 
The microstructural observation here shows the impact of edge radius on the grain 
inclination angles measured with respect to the horizontal on the machined surface, 
equivalent mean diameter of the grains, eccentricity, and the average length of the grain 
boundaries. Eccentricity is the ratio of the major to the minor axis in an ellipse, and it 
illustrates the extent of deformation. The micro-hardness is measured only up to a depth 
Grain Inclination 
Angle 
Ө1 
Ө2 
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of 30 µm, because as we study the microstructure in Figure 4.6 more closely, it clearly 
shows that the deformation of the grains is significant only up to depths of 30 µm. 
Figures 4.7 – 4.9 show the variation of the above mentioned microstructural parameters 
for various specimens and feed rates. 
 
Figure 4.7: The variation of the grain inclination angle with cutting conditions 
                  
      Figure 4.8: The variation of grain size on machined surface with cutting conditions 
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      Figure 4.9: The variation of eccentricity of the grains with cutting conditions 
Figure 4.7 shows, that with an increase in the cutting edge radius, the grain inclination 
angle tends to increase suggesting that the grain is being pulled by the larger area of the 
contact that exists with a larger tool. It can also be seen that the grain is being heavily 
pulled at lower feed rates. One possible reason for this can be the increased time of 
contact at lower feed rates that gives rise to a progressive pull of the grains as the tool 
advances forward during the machining process. At higher feed rates, the deformation 
forces are larger, and therefore, the material is being pulled at a faster rate, thereby the 
grains are not exposed to as much pull as that developed using lower feed rates. The grain 
size increases with increase in the tool edge radius for various feed rates. However, there 
is also a decreasing trend in grain size after an edge radius of 55 µm. This suggests an 
optimum value of cutting edge radius, as it is desirable to keep the grain size low, so as to 
enhance various properties such as the strength, corrosion resistance and higher 
compressive residual stresses. The eccentricity of the grains is an indication of the extent 
of deformation that the grain undergoes, and it is calculated as the ratio of the major to 
the minor axis of a elliptical grain. The Scion imaging software is used to measure the 
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eccentricity of the grains. Only complete grains at a depth of 6 µm on machined surface 
were considered when measuring the eccentricity. The grain eccentricity variation shown 
in the Figure 4.9 indicates that the eccentricity values increase with the increase in the 
edge radius and feed rate, suggesting that increased deformations of the grains is the 
underlying cause. At larger values of tool edge radius (i.e.,75 µm) and at 0.4 mm/rev feed 
rate there is a drop in the grain eccentricity values. A similar trend is also observed in the 
grain size variations shown in Figure 4.8. The review of this data shows the existence of 
an optimum value of edge radius and feed rate to generate specific range of grain sizes. 
The micro-hardness is also measured across various zones and depths in the chip. Figures 
4.10 – 4.13 show the micro-hardness variation in the three layers in the Zone 2 (Figure 
4.4). The chip is harder in the retarded layer, while the hardness decreases as we move 
towards the free-end of the chip. The reason being that the retarded zone is work 
hardened after being subjected to large inhomogeneous deformations and high cutting 
temperatures. With the increase of tool edge radius, there is a consistent trend in the 
increase of hardness across the various layers in the chip thickness direction. Increasing 
the edge radius of the tool increases the length of tool-chip contact, inducing more work 
hardening that can be one possible reason for the increase in micro-hardness with 
increases in edge radius. Figure 4.12 shows that the micro-hardness decreases with an 
increase in the feed rate. Ganapathy and Jawahir [23], have measured micro-hardness on 
the chips that were produced by dry orthogonal cutting of AISI 1045 steel, across the 3 
thickness zones.  Their results show a similar trend to the data in the Figures 4.11- 4.17, 
where the chip hardness and the chip thickness values tend to be constant in Zone 1 until 
the free end of the chip touches the disk. Further, they show an increasing trend along the 
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chip length in Zone 2 and reach a maximum at the broken end of the chip, after which 
there is a decreasing trend in the Zone 3.    
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 Table 4.1 Micro-hardness measurements on machined surface across various depths for various cutting conditions  
 
 
Depth from the 
machined surface 
 
7.5 (µm) 
Micro-hardness (HV) 
10 (µm) 
Micro-hardness (HV) 
15 (µm) 
Micro-hardness (HV) 
20 (µm) 
Micro-hardness (HV) 
 
Rn 
(µm) 
f 
(mm/rev)  
R 1 R 2 R 3 Mean St.Dev R1 R2 R3 Mean St.Dev R1 R2 R3 Mean St.Dev R1 R2 R3 Mean St.Dev 
15 
 
 
 
0.05 
 
275.6 270.1 266.5 270.7 4.583 260.8 268.2 264.3 264.4 3.702 274.7 278.3 276.4 276.5 1.801 265.2 267.3 251.9 261.5 8.351 
0.2 
 
283 272 270 275 7 267 272 259 266 6.557 272.9 261 264.5 266.1 6.116 255 271 243 256.3 14.05 
0.3 
 
291 288 285 288 3 259 262.1 277 266 9.623 279.6 243.2 249.2 257.3 19.52 239.3 259 226.7 241.7 16.28 
0.4 
 
300 294 282.6 292.2 8.839 279 296 285.6 286.9 8.57 283.1 291.6 287 287.2 4.255 272.6 275.7 273.1 273.8 1.664 
                       
30 
 
 
 
0.05 
 
280.5 275 266.9 274.1 6.841 266.5 269.2 255.4 263.7 7.314 250.4 245.8 261.9 252.7 8.293 235.4 249.2 236.5 240.4 7.67 
0.2 
 
292 296 286 291.3 5.033 288.2 291.4 274.2 284.6 9.148 265.4 272.1 259.3 265.6 6.402 255.2 259.3 250.8 255.1 4.251 
0.3 
 
299.1 307 314.3 306.8 7.602 289.1 280.4 277.6 282.4 5.997 274.5 270.2 266.6 270.4 3.955 245.2 255.3 262.1 254.2 8.504 
0.4 
 
309 319 296.7 308.2 11.17 302.3 294.5 308.2 301.7 6.872 282.1 274.3 288.2 281.5 6.967 277.1 265.3 279.9 274.1 7.749 
                       
55 
 
 
 
0.05 
 
315.8 298.6 323.1 312.5 12.58 282.4 271.7 279.5 277.9 5.557 288.6 293.2 286 289.3 3.646 270.4 277.2 275.3 274.3 3.509 
0.2 
 
329 335 318 327.3 8.622 315 330 306 317 12.12 295 288 280.5 287.8 7.251 265 272.3 283.1 273.5 9.106 
0.3 
 
341 333.6 329 334.5 6.054 310.5 300.6 334.9 315.3 17.65 286.4 272.3 288.1 282.3 8.673 270.2 261.4 265.4 265.7 4.406 
0.4 
 
353 339.8 360.7 351.2 10.57 335.4 305.2 299.2 313.3 19.4 300.2 292.4 287.6 293.4 6.359 285.4 279.6 285.8 283.6 3.47 
                       
75 
 
 
 
0.05 
 
340 335 332 335.7 4.041 306 303 310 306.3 3.512 295 288.6 291.3 291.6 3.213 275 279 271 275 4 
0.2 
 
353 338 349 346.7 7.767 335 351 343 343 8 310 325 328.1 321 9.68 292 285 277 284.7 7.506 
0.3 
 
359 366 371 365.3 6.028 345 361 352.3 352.8 8.01 331 310 308 316.3 12.74 300.8 315 309 308.3 7.128 
0.4 
 
365 373 379 372.3 7.024 335 367 371 357.7 19.73 340 356.1 362 352.7 11.39 320 313 330 321 8.544 
47 
 
 
Figure 4.10: Chip micro-hardness measurement – Zone 1 retarded layer (V = 175 m/min) 
 
 
Figure 4.11: Chip micro-hardness measurement – Zone 1 middle layer (V = 175 m/min) 
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Figure 4.12: Chip micro-hardness measurement – Zone 1 end layer (V = 175 m/min) 
The micro-hardness is also measured at four depths, 7.5(µm), 10(µm), 15(µm) and 20 
(µm) across the finished layer (region 3) on the final machined disk. Additional hardness 
measurements were also made at depths greater than 40 (µm), they tend to show a 
constant hardness value of approximately 230 HV with less deviation than in the 
deformed regions. Table 4.1 shows the measured values of micro-hardness across various 
depths in the machined surface. However, Figures 4.13 - 4.16 show that the hardness 
decreases as we move away from the deformation layer (i.e., with the increase in the 
depth below the surface and tend to reach a constant value of 230 HV approximately). 
They also show that with an increase in the edge radius the hardness values also increase 
for a given feed rate. As the feed rate increases, the deformation forces increase, thereby 
generating sufficient strain that the finished surface layer becomes harder despite also 
becoming hotter. 
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  Figure 4.13 Micro-hardness variation – edge radius = 15 µm for (V = 175 m/min) 
 
    Figure 4.14 Micro-hardness variation – edge radius = 30 µm for (V = 175 m/min) 
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Figure 4.15 Micro-hardness variation – edge radius = 55 µm for (V = 175 m/min) 
 
Figure 4.16 Micro-hardness variation – edge radius = 75 µm for (V = 175 m/min) 
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CHAPTER 5 
MEASUREMENT AND ANALYSIS OF RESIDUAL STRESSES 
 
5.1    Introduction 
Residual stresses are important characteristics that affect the fatigue life of mechanical 
components. It is desirable to generate surface residual stresses that are compressive. The 
cutting process causes inhomogeneous inelastic deformations near the surface layer of 
machined parts, and that creates residual stresses in the surface of machined components.  
Generally, compressive residual stresses have a beneficial effect on the fatigue life and 
stress corrosion, because it delays crack initiation and slows their propagation. Tensile 
stresses, on the contrary, reduce the fatigue performance of materials. In machined parts, 
the residual stresses are controlled by cutting parameters such as the cutting tool material 
and tool geometry, cutting speed, feed, depth of cut and other cutting parameters.   
5.2    Types of residual stress 
Residual stresses can also be characterized by the scale at which they exist within the 
material. Stresses that occur over long distances (approximately one grain diameter) 
within a material are referred to as macro-stresses. Stresses that exist only locally (either 
between grains or within a grain) are called micro-stresses.  
Several processes such as shot peening, where the surface is impacted with shots (round 
metallic, glass or ceramic particles), are used to create surface layers that are heavily 
plastically deformed so as to induce compressive surface residual stresses. This is 
commonly used for aircraft parts to reduce the tensile residual stresses. The shot peening 
process therefore improves the product fatigue life, however it might also result in 
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undesirable surface roughness. Hence, it will be very useful, if the residual stresses 
generated during the machining process can be made to be compressive in value at the 
surface and still result in a smooth surface.  Frequently, this can be done by properly 
choosing the cutting conditions. Controlling the residual stresses on the surface of any 
machined component by a proper choice of cutting conditions, is therefore a potentially 
useful concept for industry. The current experiments aim at understanding and studying 
the surface residual stress values created with changes in cutting parameters, such as the 
cutting edge radius and feed rate when machining AISI 1045 steel.  Eventually, one 
wants to establish optimum cutting conditions for generating compressive surface 
residual stresses and thereby to improve fatigue life. 
5.3    Experiments  
Disks of AISI 1045 steel that are 152 mm in diameter and 3 mm in thickness are 
orthogonally dry machined using uncoated carbide tool inserts as described in Chapter 3. 
The disks were identified for each cutting condition and then sent to Professor J. C. 
Outeiro at the Portuguese Catholic University (collaborating researcher) for measurement 
of the residual stresses. Figure 5.1 shows the directions of the measured residual stresses 
on the AISI 1045 steel disks. 
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Figure 5.1: Directions of measured residual stresses. 
X-ray diffraction method is used to measure residual stress, and this is accomplished by 
measuring the changes in the distance between crystallographic planes from the 
unstressed to the deformed condition, i.e., using d-spacing, as a strain gage. When the 
material is in tension, the d-spacing increases and, when it is under compression the d-
spacing decreases. Stresses can therefore be determined from the measurements of the 
changes in the d-spacings. Figure 5.2 shows the principle of d-spacing measurements 
using the X-ray Diffraction equipment. The difficulty is in measuring the spacing with 
sufficient accuracy to use the spacing difference as an accurate elastic strain. 
 
                    Figure 5.2: Measuring residual stresses using X-ray diffraction [24] 
5.4    Discussion and Analysis 
Two components of the residual stresses, the axial and the circumferential, are measured 
on the AISI 1045 steel disk machined surface.  Measured residual stress data for the 
cutting conditions used (i.e., for four different edge radii and four different feed rates)  
54 
 
are shown in Table 5.1. Figure 5.3 shows the distribution of various values of residual 
stresses for feed rates of 0.05, 0.2, 0.3 and 0.4 mm/rev. The curves illustrate the scatter of 
the residual stress data for the current cutting conditions. Figure 5.5 shows the variation 
of residual stresses with the edge radius for a feed rate of 0.05 mm/rev. The values of the 
residual stresses increase with the increase in the edge radius and are tensile in nature. 
The values show a slight decrease for an edge radius of 75 µm. The trend seems 
consistent and similar in both the axial and circumferential components of residual 
stresses. 
Table 5.1 Measured residual stresses for various cutting conditions 
Uncut Chip 
Thickness    
(mm) 
Edge 
Radius    
(µm) 
Circumferential 
(MPa) 
Axial 
(MPa) 
0.05 15 265 119 
0.20 15 676 524 
0.30 15 642 531 
0.40 15 657 523 
0.05 30 675 458 
0.20 30 590 416 
0.30 30 679 507 
0.40 30 544 372 
0.05 55 737 482 
0.20 55 754 563 
0.30 55 842 529 
0.40 55 841 636 
0.05 75 694 439 
0.20 75 591 529 
0.30 75 754 524 
0.40 75 427 306 
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Figure 5.3: Residual stress distribution with edge radius for various feed rates for cutting 
conditions given in Table 5.1. 
 
 
Figure 5.4: Effect of edge radius on measured residual stresses at a feed rate of 0.05 
mm/rev for cutting conditions given in Table 5.1. 
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Figure 5.5: Variation of measured residual stresses with the uncut chip thickness/edge    
radius for feed rate = 0.05 mm/rev for cutting conditions given in Table 5.1. 
 
Both the axial and the circumferential components of the residual stress increase with an 
increase in the edge radius up to a 30 micron edge radius, however there is a decrease in 
the values of both axial and circumferential components of residual stresses for edge radii 
of 55 and 75 µm. Figure 5.4 shows that the circumferential component of the residual 
stress is larger in magnitude than the axial component. As the effect of edge radius is 
more prominent at smaller values of the ratio of uncut chip thickness to the edge radius 
(t1/rn), Figure 5.5 shows that for a feed rate of 0.05 mm/rev both components of the 
residual stress show a similar trend of decreasing with an increase in the t1/rn ratio.   
Sasahara [15] concluded that the fatigue life can be increased if the machining generates 
compressive residual stresses and increases the hardness of the surface layer which is 
claimed to be possible by using a tool of small edge radius or a chamfered tool. The 
current experimental results reinforce the concept that tool inserts of smaller cutting edge 
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radii generate compressive residual stresses (or at least reduce the magnitude if they are 
tensile).    
Figures 5.6 - 5.9 show the residual stresses at various depths below the machined surface 
for several cutting conditions. For the range of conditions shown in the Table 5.1, tensile 
residual stresses were found on the machined surface. The data there reaches a maximum 
value of 842 MPa for the circumferential component and 636 MPa for the axial 
component of residual stresses. Figures 5.6 – 5.8 show that the residual stresses become 
compressive below the surface. However, they tend to decrease and stabilize at the level 
corresponding to that found in the virgin material prior to machining.  
In order to study the original state of the disk, or the state of the virgin material, the 
machined surface was electro polished to a depth of 1.5 µm. Figure 5.9 shows that the 
initial residual state was compressive in nature with a value of -147 MPa at a depth of 6.5 
mm on the surface and it starts increasing to become tensile at a maximum value of 98 
MPa at a depth of 25 mm. However, it decreases and approaches zero at a depth of 76 µm 
from the initial surface (i.e., at the disk center). 
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Figure 5.6: Variation of residual stresses with the depth below the machined surface for 
V = 175 m/min, rn = 15 µm and f = 0.05 mm/rev.  
 
 
Figure 5.7: Variation of residual stresses with the depth on machined surface for 
V = 175 m/min, rn = 15 µm and f = 0.3 mm/rev. 
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Figure 5.8: Variation of residual stresses with the depth on machined surface for V = 175 
m/min, rn = 55 µm and f = 0.05 mm/rev. 
 
 
Figure 5.9: Variation of the initial residual stresses with depth in the base material 
Electropolished and mechanically produced metal surfaces have fundamental differences. 
Mechanical operations such as machining, drilling, grinding and polishing will all 
adversely affect the structure and properties of the material surface. Contamination 
resulting from tool abrasion and contact with coolants, can lead to corrosion and wear. 
Dependent upon the degree of the manufacturing forces applied, the surface structure can 
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be affected to a depth of 50 µm. In contrast to this, electro-polishing will remove metal 
from the component without mechanical, thermal or chemical transformation. Electro-
polishing will eliminate damaged surface layers and allow the original properties of the 
material to be fully utilized. The processes and the electro-polished surfaces produced by 
these processes have been employed in a wide range of varying applications in practically 
all fields of engineering and industry.  
In addition to the residual stresses, an important aspect of the X-ray measurement is the 
peak breadth width. It is an important parameter that is somehow related to the amount of 
material work hardening [13]. As shown in the previous chapter, the micro-hardness at 
various depths from the finished surface was measured.  For an edge radius of 15 µm and 
the feed rate of 0.05 mm/rev, the micro-hardness and the peak breadth width values are 
plotted below in Figures 5.10 – 5.11 for comparison. The micro-hardness measurements 
that are made across various depths on the machined surface for various cutting 
conditions are tabulated in Table 4.1 of Chapter 4. 
The measurements and the experimental procedure for measuring micro-hardness was 
described in detail in Chapter 4 of the present work. 
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Figure 5.10: Micro-hardness variation along the depth of the machined surface for  
V = 175 m/min, rn = 15 µm and f = 0.05 mm/rev. 
 
 
Figure 5.11: Variation of peak breadth width along the depth of the machined surface for 
V = 175 m/min, rn = 15 µm and f = 0.05 mm/rev. 
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For an edge radius of 55 µm and the feed rate of 0.05 mm/rev, the micro-hardness and the 
peak breadth width values are plotted in Figures 5.12 and 5.13 for comparison. 
 
Figure 5.12: Micro-hardness variation along the depth of the machined surface for V = 
175 m/min, rn = 55 µm and f = 0.05 mm/rev. 
 
 
Figure 5.13: Variation of peak breadth width along the depth of the machined surface for 
V = 175 m/min, rn = 55 µm and f = 0.05 mm/rev. 
 
As the distance from the surface layer increases the micro-hardness and also the peak 
breadth values tend to decrease. This clearly suggests that the layer that forms on the 
machined surface is heavily work hardened and is harder below the surface, and the 
hardness values tend to decrease with distance and reach a constant value of 230-235 HV. 
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This is a very important correlation between the micro-hardness data and the peak 
breadth width values. It suggests that there is some sort of empirical correlation between 
them. However, as the micro-hardness is also influenced by the microstructural 
transformation and the change in the phase of the steel in the surface layer, if the 
correlation is made then it should consider the effects of change in the microstructure 
composition or phase change if the cutting temperature is higher than the austenitization 
temperature of 723 °C. During the process of machining, the layer of the workpiece 
consisting of the virgin microstructure as shown in the Figure 5.14 gets exposed to 
inhomogeneous deformation forces and high temperatures. Hence, the phase composition 
of the material reacts to the temperature and intense deformation processes. 
 
                                 Figure 5.14: Microstructure of the virgin material. 
The initial state of the microstructure of the AISI 1045 steel did not show any traces of 
pearlite colonies, instead there were pearlite and ferritic structures that are well 
networked representing the form of microstructure commonly found in medium carbon 
steels. A volumetric phase composition analysis presents the data corresponding to the 
microstructural composition, and it can give a better picture of the extent of the phase 
change that has taken place. 
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Figures 5.15 - 5.16 show the microstructure of the post machined AISI 1045 steel disks.  
 
Figure 5.15: Masked image of the microstructure on the machined surface for V = 175 
m/min, rn = 75 µm,  f  =  0.05 mm/rev. 
 
Figure 5.15 shows the masked image of the microstructure on the machined surface 
containing the intense deformation and the change in the grain size and orientation. The 
grain boundary topologies get significantly affected during the process of the cutting. 
Because of the changes induced by the cutting process, there is a change in the Gibb’s 
free energy [12]. It is known that there is an analogy to the soap bubble model where the 
difference in the pressure causes the change in the bubble arrangements and failure. The 
change in the Gibb’s free energy due to the intense straining is the likely cause of the 
topological transformations that occur in the grains and grain boundaries [12]. Some 
examples are the transformation of the double junctions to single junctions and unit 
73 microns 
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operations across the grain boundary networks. We can clearly see an intense 
deformation zone between the surface and a depth of 30 µm below the machined surface 
during several experiments that are conducted using edge-radiused tools. Figures 5.16 
and 5.17 show the microstructure of the machined surface. 
 
Figure 5.16 Microstructure of the machined surface for V= 175 m/min, rn = 75 µm,  
f = 0.05 mm/rev. 
 
The typical temperatures during the cutting process were observed to be close to 600 °C. 
From the Fe-Fe3C phase diagram for 0.45% carbon (Appendix Figure 1) for hypo-
eutectoid steel and for the above temperature rise, we can observe from the Figure 5.17 
that it shows that there is a significant transformation in the surface phase. It can also be 
observed from the microstructure, that pearlite colonies are formed close to the machined 
surface and their spacing influences the strength of microstructure as it is inversely 
proportional to the strength [25]. Figure 5.17 shows the pearlitic colonies concentrated on 
the machined surface of AISI 1045 steel disk observed at 500x magnification. 
73 microns 
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Figure 5.17:  Pearlitic colonies concentrated on the machined work piece at 500x 
magnification at V = 175 m/min, rn = 75 μm,  f = 0.05 mm/rev. 
 
 
 
 
 
 
                 
55 µm 
67 
 
CHAPTER 6 
THE APPLICATION OF TOPOLOGY TO MACHINING 
 
6.1    Introduction 
The branch of mathematics now called topology began with the investigation of certain 
questions in geometry. Leonhard Euler's 1736 paper on Seven Bridges of Königsberg is 
regarded as one of the first topological results [26]. The term "topologie" was introduced 
in Germany in 1847 by Johann Benedict Listing [26]. However, Listing had already used 
the word for ten years in his correspondence. "Topology", its English form, was 
introduced in 1883 in the journal Nature to distinguish "qualitative geometry from the 
ordinary geometry in which quantitative relations chiefly are treated" [25]. 
This branch of mathematics has been used in different contexts when considering its 
application to manufacturing processes. The current chapter considers some applications 
of topology to machining. 
6.2    Application of topology 
Topology has not as yet been used with regards to machining. Below are some of the 
ways it was used in the context of machining: 
i) It was used to study the surface integrity when called by the name of surface 
topography, where the geometrical distribution of waves and peaks involved 
in the material surface roughness is studied [27]. 
ii) The shape optimization of material microstructures was one of the major 
applications of topology [28]. 
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iii) Topology was used as a tool to understand the grain boundary changes in the 
microstructure of the material using the various operations in the 
transformation of the microstructure [29].  
iv) Topology is applied to optimize the design space by adding manufacturing 
and machining constraints to the topology optimization [30]. 
   The above are some of the ways topology has been used in the engineering context.  
6.3    Some of the axioms of topology 
• A set X is a topological space if it comes with a collection T of subsets U (called 
open sets) such that if U and V are open then W = U ∩ V is open and U Uα is 
open if each Uα is open. 
• A function f: X → Y between topological spaces is continuous if f -1(U) is open 
when U is open. 
• If f is 1-1 and f -1 is continuous, then f is a homeomorphism and X and Y are 
homeomorphic, denoted by X ≈ Y. A property is a topological property if it is 
preserved by homeomorphisms. 
Topological properties:   
• Connected:  If  X = A U B, with A, B open and A ∩ B = Ø, then A = Ø or B = Ø 
• Compact:  If X = U Uα , with open Uα, then X = U Uαi  for some i = 1..n 
• Metrizable: There is a metric d: X x X → R such that d(x,y) = d(y,x) ≥ 0, d(x,x) 
= 0, and d(x,z) + d(z,y) ≥ d(x,y) for all x, y and z in X which defines the topology 
on X. One of the principal goals of topology is to characterize topological spaces 
by their properties that specify a list of properties of X such if Y has those 
properties, then X ≈Y. 
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Topological spaces:    
• Euclidean n-space En (n is a positive integer): The set of all n-tuples of real 
numbers with the topology of the Euclidean metric. 
• Subspaces of En provide a large variety of topological spaces. The tools and 
workpieces of machining are such examples. Figure 6.1 shows examples of 
topological spaces. Most tools are topologically homeomorphic with a solid torus 
(in 2D, an annulus). Most workpieces are topologically homeomorphic with a 
solid ball (in 2D, a disk). Both these spaces are compact and connected. 
 
6.4    Topological parameters 
Based on the understanding of the concepts of topology, parameters are identified as 
topological, measured and then correlated with the changing cutting conditions. Figure 
6.2 gives a detailed layout of the experiments and a program for applying topology to 
machining.  
Figure 6.1: Examples of topological spaces 
Work Piece 
≈ 
Tool 
≈ 
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Figure 6.2: Layout for topology-applied machining research  
   Topological parameters can be classified as micro or macro based on the scale of 
observation. The following machining parameters are identified as topological variables: 
Macro topological parameters: Chip length, Chip micro-hardness, Chip curvature 
Micro topological parameters: Grain inclination angle, Grain diameter, Grain 
eccentricity, Grain boundary length.                                                                                                                                                                                                           
Apart from these, there are several other parameters such as the mean intercept length, 
radius of gyration, correlation length, cluster mass [31] which can describe the topology 
of the microstructure. 
The Maple program is developed and used to interpolate experimental data on topological 
parameters such as grain angle, grain diameter, grain boundary length and two 
components of the residual stress as discussed previously. All the data corresponding to 
various measurements are used to develop interpolation functions for these parameters. 
Topological Parameters 
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In this current work, there are two scales at which the experimental data for the 
topological parameters are generated. They are: (i) microstructural level and (ii) macro 
structural level. 
(i) Microstructural level: 
At the microstructural level, effort has been made to understand the conditions of the 
machined part by comparing the microstructure of the virgin and machined materials. 
The chips formed and the integrity of the newly created machined surface using tools of 
different cutting edge radii, at a constant speed and varying feed rates are also examined. 
In the microstructure approach we have identified a few topological parameters that can 
be measured and changes in properties such as the grain size/diameter attributed to the 
deformation induced due to the machining. The microstructural approach gives a chance 
for us to more completely understand the post-machined surface. The ultimate aim is to 
predict the residual stresses, analyze the material microstructure changes that occur, and 
correlate them with the different cutting conditions. This can help establish the 
importance of topology to understanding the machined surface and its effect on 
performance parameters such as fatigue life. Various axioms like connectedness, 
homeomorphism and compactness of the topological transformation may be applied in 
the future to study topological parameters and their changes. 
The microstructure of the virgin material, chips and the finished material are studied to 
measure and analyze the grain sizes, inclination angles and grain boundaries and their 
changes. The grain boundaries undergo transformation during the process of machining. 
Several researchers have studied these transformations and they have been observed also 
in the present study from a different view point. The effect of the edge radius is clearly 
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visible on the grain inclination angles (shear strains), the grain deformation pattern 
(eccentricity) and other aspects of the grain boundary network. The results of the grain 
measurements were observed on the surface of the machined disk and are discussed in 
Chapter 4. 
Topological aspects of the grain and the grain boundary transformations are studied and 
explained in Chapter 4. The microstructure of the machined disk is observed on the 
surface so as to understand the effect of machining on the grain and the grain boundaries, 
and hence, on topological variables. Properties of grain boundaries such as susceptibility 
to corrosion, cracking, sliding, segregation and precipitation depend on this structure.  
In a polycrystalline material, grain growth occurs by the elimination of those grains that 
have a small number of neighbors. This implies that the grain boundary transformation 
favors clusters. This transformation is analogous to the soap bubble model, but the 
driving force remains the Gibb’s energy of the material.  
Ferro and Fortes [29] suggest that the transformation that occurs during grain growth 
must satisfy two conditions:  (i) It must preserve the correct topology, meaning that the 
final state of the transformation must have topological elements that are correctly 
connected; and (ii) The Gibbs Energy G, must decrease with the grain growth, as G is 
related to the geometry, and is determined by the size of the various topological elements 
such as the area, length of triple junctions, etc. The concept of unit operations, such as the 
elimination of hexagonal cells is shown in Figure 6.3. Other aspects can be easily applied 
to any 2D microstructure, given that we can distinguish the boundaries and clusters in a 
microstructure. This topological transformation can be used to understand the grain 
boundary transformation using various neighbor switching and cell transformations. 
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       Figure 6.3: Topological operations in grain boundary transformations 
Figure 6.4 shows the microstructure of the sample for the cutting conditions shown. It can 
be clearly seen that the surface grains are distorted. The extent of deformation decreases 
with the depth below the surface. As the material is machined, the grains and grain 
boundaries get transformed, and thereby affect the quality of the finished surface.    
 
Figure 6.4: Grain boundary networks on the machined surface of AISI 1045 steel for 
V = 175 m/min, rn = 75 µm,  f  =  0.05 mm/rev 
 
(ii) Macrostructural level: 
The Maple program is used to interpolate the results of orthogonal cutting and the macro 
topological parameters such as the average chip length, number of chips per revolution, 
2D Unit Cell operation – Neighbor switching 
 
 
2D Topological operation of pentagonal cell elimination  
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chip density at different cutting conditions such as the changing feed rate and cutting 
speed. Figure 6.5 shows snapshots of the Maple program results illustrating the three 
stages of chip formation. 
 
 
The Maple program is also used to generate surfaces that interpolate experimental data 
that were obtained in the process of orthogonal dry machining of AISI 1045 steel. 
6.5    Interpolation model using Maple 
The Maple program is used to develop a topological model that generates various 
surfaces for correlating experimental observations. The interpolating surfaces that are 
generated for describing various experimental observations using Maple are used to make 
a model with inputs of edge radius and feed rates that can give outputs (at other values of 
feed and edge radius) of various topological parameters and locate them on the surfaces.  
The model is discussed here in detail. 
 
The experimental data for equivalent grain diameter, grain boundary length, aspect ratio 
and the two components of residual stresses were used to generate spline functions using 
the maple program. The source code for the program can be found in the Appendix. 
However, the fundamental idea is that if data [[[xi,yj,f(xi,yj,)],i=1…n],j=1…m]  is 
Figure 6.5: Modeling chip formation using maple 
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collected over a rectangular domain, then we can create a smooth surface which 
interpolates the data using cubic splines.  The idea is as follows. 
i) First create n spline functions spi(y), i = 1..n which interpolates the data along 
each row in the table. 
ii) Create the function f of two variables which calculates f(x,y)  in the following 
way:  Interpolate the data  [xi,y,spi(y), i = 1..n] with a spline function s and let 
. 
The function f is differentiable. 
As an illustration of the output of the maple program, consider the grain inclination angle 
that is measured on the machined surface. The influence of cutting edge radius and feed 
rates on the topology of the grains on the machined surface is given in Figure 6.6 
showing the grain angle variation on these variables. The values on the X axis in Figure 
6.6 represent the edge radius values in µm and the Y-Axis is the feed rate in mm/rev 
while the Z-axis represents the grain angle (degrees). A linear fit to the data seems 
adequate.  
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                              Figure 6.6: Least square fit of the grain angle data 
Figure 6.7 shows the spline surface for the grain boundary length (Gblength) as functions 
of the same two variables (cutting edge radius and feed rate). The surface shows a local 
maxima at edge radius of 30 µm, feed rate of 0.3 mm/rev, and a local minimum at an 
edge radius of 75 µm and feed rate of 0.3 mm/rev.  
  
Figure 6.7:  Spline surface of the grain boundary length as a function of edge radius  
and feed rate 
rn  (μm) 
rn  (μm) 
 
Feed (mm/rev) 
Grain boundary    
length (µm) 
(degrees) 
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Figure 6.8 shows the spline surfaces generated for the data of the equivalent grain 
diameter, and Figure 6.9 shows the interaction of the grain size and the grain angle 
splines that are generated using data from the experiments. Similar spline surfaces are 
generated using the data for the two components of residual stresses, and are shown in the 
Figures 6.10 and 6.11.   
The circumferential residual stress surface shown in Figure 6.10 is more complex than 
any of the other surfaces.  It has a local maximum near the edge radius of 55 µm and feed 
rate of 0.3 mm/rev, but there are three or more local minimum regions as well. The axial 
residual stress surface shown in the Figure 6.11 is even more complex. Neither the 
circumferential nor the axial stress surfaces bear any resemblance to other surfaces. 
 
Figure 6.8: Spline surface for equivalent grain diameter 
rn  (μm) 
 
Grain Size (µm) 
Feed (mm/rev) 
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Figure 6.9: Interaction of spline surfaces of grain size and grain angle 
 
 
  Figure 6.10: Circumferential residual stress surface 
Grain size (μm), 
Grain angle 
(degrees) 
Feed (mm/rev) 
rn  (μm) 
 
rn  (μm) 
 
 
Feed (mm/rev) 
                      Circumferential stress 
                                   (MPa) 
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Figure 6.11: Axial residual stress surface  
A toolbox is created using the Maple program to interpolate the experimental data. The 
toolbox has built in interpolation functions for various data. Figure 6.12 is a template for 
the tool box that is used to input the topological model. The input conditions of edge 
radius and feed are entered in the fields shown in the front end template. When the input 
conditions are entered, the next step is to choose the function that we want to visualize as 
a interpolated output. When we chose the function, we have to press the analyze button. 
The interpolated output and its location on the topological spline surface corresponding to 
the parameter are produced. This gives us an understanding of how to estimate the 
numerical value of the output and visualize the effect of changing conditions. Similarly, 
for a given input value of edge radius and feed, interpolated output values of topological 
parameters such as the grain size, grain angle, grain boundary length and two components 
of residual stresses are produced with the location on the spline surface. 
rn  (μm) 
 
                                                  Axial stress 
                                                       (MPa) 
Feed (mm/rev) 
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Figure 6.12: Input tool box for the topological model 
The inputs of edge radius and the feed rate are given, and then an output parameter 
function is chosen so as to generate the surface and locate the interpolated input on the 
topological surface. It is illustrated below: 
For example for an edge radius of 20 µm and for a feed rate of 0.34 mm/rev, we can 
estimate the grain parameters, and also the residual stresses using the above built toolbox.  
Figure 6.13 gives the snapshot view of the interpolated output window for a given set of 
input. It shows the value of the extrapolated output and its location on the geometrical 
spline surface that corresponds to the data of the output. 
Analyze 
Output 
parameter 
Feed Edge 
Radius 
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Figure 6.13: Snapshot view of the tool box window for interpolated condition 
Interpolated output of the topological tool box: 
Grain Inclination Angle = 27.59 degrees 
Grain Boundary Length = 152.73 µm. 
Equivalent Grain Diameter = 48.64 µm 
Grain Aspect Ratio = 2.65 
Circumferential Residual Stresses = 630.63 MPa 
Axial Residual Stresses = 501.09 MPa. 
Thus, the topological tool box gives interpolated outputs for varying inputs. This is an 
effective tool to understand the effect of edge radius and feed rate values that are 
intermediate to the cutting conditions used in the experiments. This is useful in 
understanding the output changes. The model presented here incorporates all the surfaces 
that can be generated for a given set of inputs, such as the cutting edge radius and feed 
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rate, to produce the interpolated output of grain angle, eccentricity, equivalent diameter, 
and the two components of the residual stresses.  
6.6    Limitations of the current model: 
(a) It only gives interpolated output of various topological parameters only for cutting 
conditions used in the experiments: (i.e., for cutting speed of 175 m/min, edge 
radius values lying between 15 and 75 µm and feed rates lying between 0.05 and 
0.04 mm/rev when using an uncoated carbide insert in the dry cutting of cold 
rolled AISI 1045 steel) 
(b) This model does not suggest optimum values, instead it generates outputs for 
variable inputs. 
(c) This may not accurately predict some of the complex outputs such as the residual 
stresses. It can be seen that the surfaces corresponding to the stress measurements 
are complex in nature and therefore are unlikely to be useful beyond the range of 
the input data. Adding to this the experimental data has a lot of scatter in it, while 
the Maple program treats it as perfect. They likely depend on several other 
parameters such as the initial condition of the material.   
(d) To improve the robustness of the model, a larger set of experiments should be 
performed, but it still results in a model that predicts results for a limited set of 
conditions.  
(e) The current Maple program only works for the inputs of feed rate and edge radius. 
The program does not generate interpolated results for more than two inputs. 
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CHAPTER 7 
CONCLUSIONS AND FUTURE WORK 
Conclusions    
(i)    Orthogonal cutting experiments using AISI 1045 steel were performed with   
uncoated carbide tool inserts of varying cutting edge radii and varying feed 
rates. The effect of edge radius on cutting forces, temperature across various 
points on the tool, micro-hardness, microstructure and residual stresses was 
studied and analyzed. Measurement of micro-hardness was also made in the 
three regions of the chip.  
(ii) Micro-hardness measurements made across various depths from the  finished 
layer on the machined surface reveals that there is an affected layer on the 
machined surface that is influenced by the cutting process, and in this layer the 
micro-hardness values are higher.  
(iii) The microstructure analysis also revealed important information with respect to 
the grains and their sizes. The grain inclination angle was observed to be 
changing with edge radius and feed rates providing valuable information for 
controlling the surface integrity of the machined surface. Several 
microstructural parameters such as the grain size, grain eccentricity, and 
equivalent diameter were measured and analyzed for those grains in the grain 
boundary network.  
(iv) A phase change was observed closed to the machined surface, which seems to 
be a remarkable finding and provides the scope for grain boundary engineering 
of materials. 
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(v)    The differences in the temperature on the chip free-surface, and also in the 
cutting region for the similar conditions, were studied. The temperature in the 
transition region between rake face and secondary wall of the tool showed the 
highest temperature consistently and the temperature increased with increase in 
edge radius and feed rates. 
(vi)   The effect of tool edge radius on the two components of residual stresses was 
studied and it revealed that the higher values of edge radii produced higher 
values of undesired tensile residual stresses. The initial conditions of residual 
stresses were studied and considered to be significant in the analysis of induced 
residual stresses. Another significant contribution of the work to the existing 
knowledge is that the micro-hardness was also correlated with the peak breadth 
width measurements and they have shown a similar trend indicating a possible 
relation and scope for future correlation and investigation. 
(vii) The topology approach for the very first time was used to study the orthogonal 
cutting process at two levels, namely the microstructure approach and 
macrostructure approach. A Maple program was developed successfully to 
model the topological outputs for the varying inputs. The interpolation functions 
developed to accomplish this can also be used to predict the behavior of the 
topological outputs of the process of machining. 
(viii) The current research project enhances our understanding of the quality 
requirements of products of the machining processes. An attempt is being made 
to better understand the creation of residual stresses to provide enhanced fatigue 
life of the components as this study can be aimed at eliminating/reducing the 
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need for supplemental processes such as shot-peening, which are often 
performed in industry applications. 
(ix)  The current work contributes to enhancing the sustainability of the machining 
process since the effect of cutting conditions are studied to better understand 
how residual stresses can be produced as compressive and thereby eliminate the 
need for post-machining processes such as  shot-peening. This work also lays 
the foundation for a similar approach for other manufacturing processes.   
Future Work 
(i) The properties of the finished surface layer including the dislocation density, grain 
boundary topology, and micro-hardness need to be studied and correlated with the 
residual stresses, temperatures and other similar parameters. This can provide 
valuable information about the property changes induced by machining. This would 
also be useful data for applying the grain boundary engineering methods to the 
machined surface.  
(ii) A more holistic approach would be to study the microstructure using Orientation 
Imaging Microscopy where the nature of the grain boundaries is determined to be 
HAR or Non-HAR. That will yield qualitative information about the grain 
boundaries, their susceptibility to failure, corrosion, cracking, sliding and 
segregation. 
(iii) The topological approach can still be used to better understand the machining  
process, while a similar approach can be used to model other manufacturing 
processes.  
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(iv) One should more explicitly apply topology to the changing grain structure, possibly  
by using cellular automata. 
(v) A wider range of cutting speed, tool edge radius and feeds should also be  
investigated in machining. 
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APPENDIX 
 
(i) Table 1: Measured temperatures across the groove geometry for cutting 
conditions in Table 3.1 
Re (µm) 
   Feed 
(mm/rev) 
                                                                                                          
Temperature (°C) across various points 
 
 
  
1 2 3 4 5 
15 0.05 488 511.6 502.1 482 451.2 
15 0.2 491 527.45 511.8 487.5 464.9 
       
30 0.05 492.1 531.6 516.34 489 471.1 
30 0.2 508.4 543.43 529.65 511.2 488.6 
       
55 0.05 502.6 536.54 527.26 515.6 499.2 
55 0.2 526.35 558.23 548.92 532.3 522.4 
       
75 0.05 522.9 551.66 545.66 528.4 511.3 
75 0.2 535.87 579.23 571.8 541.2 546.6 
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(ii) Table 2 :Measured temperatures visualizing the cutting process from above 
Re(µm) 
Feed 
(mm/rev) 
Temperature on Chip free Surface (°C) 
 
  
R 1 R 2 R3 Mean St.Dev 
15 0.05 316 328 300.9 314.9667 13.57952 
15 0.2 272.3 268.4 281 273.9 6.450581 
15 0.3 211.2 214.4 235.7 220.4333 13.31778 
15 0.4 208.2 213.4 200.3 207.3 6.596211 
       
30 0.05 339.2 313.3 348.7 333.7333 18.32221 
30 0.2 322.3 311.7 301.7 311.9 10.30146 
30 0.3 260.4 267.9 273.3 267.2 6.478426 
30 0.4 232.41 228.91 240.57 233.9633 5.983188 
       
55 0.05 411.2 386.7 404.4 400.7667 12.64766 
55 0.2 335.54 337.89 321 331.4767 9.148827 
55 0.3 303.6 308.34 318.45 310.13 7.585097 
55 0.4 344.33 332.76 361.62 346.2367 14.52417 
       
75 0.05 284 270.8 273.21 276.0033 7.029369 
75 0.2 229.24 233.66 244.46 235.7867 7.829696 
75 0.3 208.8 216.67 222.23 215.9 6.748029 
75 0.4 313.74 293.43 282.84 296.67 15.70273 
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(iii)Table 3 : Measured micro hardness values within the chip for cutting conditions     
shown in Table 3.1 and discussed in the Chapter 4 
Variation of Micro- Hardness Across Chip Thickness along 3 zones for various feed rates and cutting conditions
Micro- hardness (HV)
S.no Cutting Condition Zone 1 Zone 2 Zone 3
Re f (mm/rev) A B C A B C A B C
1 15 0.2 389 378 357 395.7 386.8 381 379 367 358.2
2 15 0.25 377 362 352.8 382.1 379 361 368 355 337
3 15 0.3 361 356.2 349.8 377 362.9 351.3 362.1 343.6 335.9
4 15 0.4 355 332 328.6 366.2 354 342 350.6 337.9 318.4
5 30 0.2 415 393 388 435 418 409 402 392 383
6 30 0.25 406.7 386.5 377 431 425 416.7 397.6 372 377.9
7 30 0.3 404 389.2 365 422 410.6 403.8 388 363 344.1
8 30 0.4 382.3 377.9 368.1 403.1 399.6 391.4 365 362 355.4
9 55 0.2 456 443 435 462 447 428 432 418 411.2
10 55 0.25 449 438 426 459 446 437.2 440.8 433.1 425.6
11 55 0.3 432 421.5 409.3 448 437 433 428 414.7 400.3
12 55 0.4 405 387 369 426 413.6 409 393.2 385.8 379.2
13 75 0.2 472 457 453 485 472 454 453 442.1 439
14 75 0.25 461 435 438 480 467 449 432 412 401.7
15 75 0.3 443 428.7 427 465 452 433 424 404 386
16 75 0.4 436 401 397 455 441 429 411 388 377.2  
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(iv) Table 4 :Measured values of chip thickness and chip length for cutting conditions 
shown in Table 3.1 
Measurement of the chip length
S.no Cutting Condition Reading 1 Reading 2 Reading 3 Reading 4 Reading 5 Average Chip Length
Re f (mm/rev)
1 15 0.2 6.1 7.1 5.2 5.3 5.7 5.9
2 15 0.25 9.7 11.1 10.5 12.3 11.5 11
3 15 0.3 7.7 11.8 12.6 11.2 13.1 11
4 15 0.4 12.7 10.8 13.5 13.9 14.3 13
5 30 0.2 7.5 7.9 6.9 7.3 8 7.5
6 30 0.25 10.1 9.8 10.6 11.2 9.3 10
7 30 0.3 10.8 12.6 12.2 15.3 14.1 13
8 30 0.4 13.4 13.7 14.8 14.4 14.2 14
9 55 0.2 15 14.9 17 13.5 12 14
10 55 0.25 19 22 21.7 24 17 21
11 55 0.3 18.3 19.2 22.6 21.3 19 20
12 55 0.4 16.4 19.7 23.1 21.8 25.4 21
13 75 0.2 19.2 19.4 21.3 17.5 18.2 19
14 75 0.25 20.1 20.3 21.5 21.6 20.8 21
15 75 0.3 22.1 22.4 21.6 22.8 20.9 22
16 75 0.4 19.7 18.6 20.1 21.1 24.8 21
 
Chip Thickness(mm)
S.no Cutting Condition Zone 1 Zone 2 Zone 3 Average
Re f (mm/rev) A B C A B C A B C
1 15 0.2 0.392 0.425 0.375 0.438 0.414 0.452 0.363 0.389 0.364 0.401
2 15 0.25 0.421 0.428 0.396 0.454 0.48 0.472 0.393 0.381 0.421 0.427
3 15 0.3 0.414 0.406 0.393 0.471 0.492 0.485 0.42 0.415 0.396 0.432
4 15 0.4 0.42 0.436 0.391 0.525 0.531 0.484 0.427 0.442 0.394 0.45
5 30 0.2 0.371 0.382 0.361 0.445 0.457 0.472 0.391 0.386 0.394 0.407
6 30 0.25 0.443 0.44 0.416 0.492 0.524 0.483 0.41 0.436 0.411 0.451
7 30 0.3 0.415 0.438 0.446 0.538 0.549 0.565 0.456 0.413 0.429 0.472
8 30 0.4 0.448 0.461 0.482 0.553 0.591 0.583 0.442 0.436 0.414
9 55 0.2 0.395 0.383 0.396 0.449 4.496 0.482 0.376 0.383 0.421 0.865
10 55 0.25 0.445 0.462 0.451 0.525 0.543 0.561 0.428 0.431 0.411 0.473
11 55 0.3 0.441 0.424 0.436 0.498 0.561 0.581 0.442 0.419 0.451 0.473
12 55 0.4 0.408 0.416 0.441 0.523 0.576 0.579 0.44 0.448 0.439 0.474
13 75 0.2 0.401 0.416 0.385 0.578 0.581 0.592 0.434 0.429 0.4 0.468
14 75 0.25 0.418 0.423 0.441 0.554 0.564 0.593 0.399 0.419 0.425 0.471
15 75 0.3 0.431 0.428 0.436 0.594 0.625 0.65 0.56 0.44 0.43 0.51
16 75 0.4 0.446 0.495 0.512 0.667 0.694 0.6 0.548 0.501 0.493 0.551
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(v)  Figure 1: Fe-Fe3C phase diagram for AISI 1045 steel [30] 
 
(vi) Source code for the Maple tool box 
Fitting the topological surfaces to the stress surfaces 
Here the goal is to see if we can obtain the stress data by a linear combination of the 
topological data.  
Generating the 6 spline interpolation surfaces, Least squares fitting of topological 
surfaces to the stress plots  
Here we will approximate the stress plot surfaces with least square fits by linear 
combinations of the topological surfaces.  
First we approximate the circumferential stress data with the best linear combination of 
the 4 topological surfaces   
Here is a small procedure to generate the coefficients of the linear combination of the 
topological surfaces that best fits the stress data. 
 
> bestfit := proc(c,l) 
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  local A,g,b,i,lsq: 
    A := augment(submatrix(gdm,1..16,l),[seq(1,i=1..16)]);  b:= col(sdm,c); print(A,b); 
  lsq:=linalg[leastsqrs](A,b); 
 end:  
Here is a modified plotdata procedure to plot the measured data points 
> plotdata:=proc(dat,n) 
   local f,i,j; 
   f:=NULL: 
   for i from 1 to linalg[rowdim](dat) do 
   f := f,[dat[i,1],dat[i,2],0],[dat[i,1],dat[i,2],dat[i,n]]   od; 
     
[plots[display](plots[pointplot3d]([f],color=black,symbol=circle,symbolsize=10),axes
=boxed, 
tickmarks=[[0,15,30,55,75],[5,20,30,40],[]]),[f]] end: 
>  
Now we apply best fit to approximate the circumferential stress surface with the  best 
linear combination of the topological surfaces. 
> ab:=bestfit(3,[3,5,7,9]); 
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35. 42.39 13.5 1.65 1
32. 102.05 32.5 2.1 1
26.5 138.474 44.1 2.8 1
21.8 114.61 36.5 2.77 1
42.1 49.298 15.7 1.91 1
36.2 138.788 44.2 3.5 1
34.5 178.038 56.7 2.63 1
28.3 156.372 49.8 3.55 1
48.4 105.504 33.6 2.23 1
41.7 164.536 52.4 3.67 1
36.8 133.764 42.6 5.9 1
33.2 148.836 47.4 5.33 1
49.2 84.152 26.8 3.14 1
47.6 138.474 44.1 2.29 1
40.3 124.815 39.75 3.34 1
37.7 168.5238 53.67 3.96 1
265. 676. 642. 657. 675. 590. 679. 544. 737., , , , , , , , ,[,
754. 842. 841. 694. 591. 754. 427., , , , , , ]
 
 := ab [ ], , , ,3.916509546-1.7545789786.06306907460.63069074288.9552561
 
The first 4 components are the coefficients of g3 (grain angle spline), g5 (grain boundary 
spline), g7 (grain size spline) and g9 (grain aspect spline) in the best fit and the last 
component is the goodness of fit:  the sum of the squares of the differences in the data 
and function values. The root mean error in the fit in this case is  
289
16
4.25  
Here is the plot of the circumferential stress data 
> sqrt(289./16); 
4.250000000 
> csdata:=plots[display](plotdata(sdm,3)[1]): 
And here is the plot of the spline interpolation surface for the circumferential stress data. 
> csgraph:=plot3d(s3,15..75,5..40,color=yellow): 
And the plot of the best fitting  linear combination of the 4 topological surfaces to the 
circumferential stress surface 
> 
lsgraph35:=plot3d(ab[1]*g3+ab[2]*g5+ab[3]*g7+ab[4]*g9+ab[5],15..75,5..40,color=t
urquoise): 
>  
Now we display all these on the same plot 
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> plots[display](csdata,lsgraph35,csgraph,title="circumferential stress plot with 
best fitting linear combination of all 4 topological surfaces",axes=boxed, 
tickmarks=[[15,30,55,75],[5,20,30,40],[200,400,600,800]],labels=["er","Feed","cs"],s
tyle=surfacecontour); 
 
The linear combination in blue models the  more complex yellow surface except at the 
corners (15,75) and (5,40).    
>  
Now we fit the axial stress surface with a linear combination of the topological surfaces. 
> sadata:=plots[display](plotdata(sdm,5)[1]): 
> sagraph:=plot3d(s5,15..75,5..40,color=turquoise): 
> ab:=bestfit(5,[3,5,7,9]); 
 
Circumferential stress plot with best fitting, linear combination of all 4 topological surfaces 
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35. 42.39 13.5 1.65 1
32. 102.05 32.5 2.1 1
26.5 138.474 44.1 2.8 1
21.8 114.61 36.5 2.77 1
42.1 49.298 15.7 1.91 1
36.2 138.788 44.2 3.5 1
34.5 178.038 56.7 2.63 1
28.3 156.372 49.8 3.55 1
48.4 105.504 33.6 2.23 1
41.7 164.536 52.4 3.67 1
36.8 133.764 42.6 5.9 1
33.2 148.836 47.4 5.33 1
49.2 84.152 26.8 3.14 1
47.6 138.474 44.1 2.29 1
40.3 124.815 39.75 3.34 1
37.7 168.5238 53.67 3.96 1
119. 524. 531. 523. 458. 416. 507. 372. 482., , , , , , , , ,[,
563. 529. 636. 439. 529. 524. 306., , , , , , ]
 
 := ab [ ], , , ,1.3636180523.568174646-8.03428748619.65712514227.8884225
 
The goodness of fit is better for the axial stress data. 
> lsgraph53579:=plot3d(ab[1]*g3+ab[2]*g5+ab[3]*g7+ab[4]*g9+ab[5],15..75,5..40): 
> plots[display](sadata,sagraph,lsgraph53579,title="axial stress plot with best fitting 
linear combination of all 4 topological surfaces",axes=boxed, 
tickmarks=[[15,30,55,75],[5,20,30,40],[200,400,600,800]],labels=["er","Feed","cs"],s
tyle=surfacecontour); 
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Axial stress plot with best fitting linear combination of all 4 topological surfaces 
 
 
When we inspect the two plots, we see the same lack of fit at the corners (5,15) and  
(40,75) 
(vii)  
A Maplet to examine the topology and stress surfaces was created using the 
data obtained from the experiments. The maplet is created such that with 
inputs of edge radius and feed rate, the interpolated values of residual stresses, 
grain parameters are generated with their location on spline surfaces that are 
generated. This gives us understanding of the deviation in the interpolated 
values. 
 
> use plottools, CurveFitting, linalg, Maplets[Elements],Maplets[Tools] in 
StartEngine(); 
# grain data  1 er  2 fd (100)   3 grnang  5 grnb 7 grnsz 9 grnas   
gdm:=matrix([[15., 5.00, 35., 2.2, 42.39, 25.748, 13.5, 8.2, 1.65, .25], [15., 
20.0, 32., 3.5, 102.05, 37.366, 32.5, 11.9, 2.1, .54], [15., 30.0, 26.5, 3.1, 
138.474, 31.1488, 44.1, 9.92, 2.8, .74], [15., 40.0, 21.8, 2.8, 114.61, 54.636, 
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36.5, 17.4, 2.77, .66], [30., 5.00, 42.1, 3.05, 49.298, 19.625, 15.7, 6.25, 1.91, 
.62], [30., 20.0, 36.2, 4.2, 138.788, 24.178, 44.2, 7.7, 3.5, .18], [30., 30.0, 
34.5, 2.9, 178.038, 35.168, 56.7, 11.2, 2.63, .29], [30., 40.0, 28.3, 1.9, 
156.372, 48.042, 49.8, 15.3, 3.55, .44], [55., 5.00, 48.4, 1.63, 105.504, 17.27, 
33.6, 5.5, 2.23, .623], [55., 20.0, 41.7, 2.53, 164.536, 38.7476, 52.4, 12.34, 
3.67, .449], [55., 30.0, 36.8, 1.49, 133.764, 48.8584, 42.6, 15.56, 5.9, .576], 
[55., 40.0, 33.2, 2.03, 148.836, 35.5134, 47.4, 11.31, 5.33, .88], [75., 5.00, 
49.2, 1.01, 84.152, 31.7454, 26.8, 10.11, 3.14, 1.1], [75., 20.0, 47.6, 1.69, 
138.474, 22.608, 44.1, 7.2, 2.29, 1.35], [75., 30.0, 40.3, 1.08, 124.815, 9.734, 
39.75, 3.1, 3.34, 1.44], [75., 40.0, 37.7, 2.25, 168.5238, 51.496, 53.67, 16.4, 
3.96, 1.66]]): 
> #stress data  1 er  2 fd (100)  3 cirstr  5 axstr   
sdm:=matrix([[15., 5.00, 265., 33., 119., 12., 2.035, .111, 2.029, .56e-1], [15., 
20.00, 676., 41., 524., 20., 2.085, .154, 2.090, .79e-1], [15., 30.00, 642., 39., 
531., 21., 2.053, .110, 2.040, .101], [15., 40.00, 657., 23., 523., 16., 2.086, 
.128, 2.106, .58e-1], [30., 5.00, 675., 29., 458., 12., 2.060, .121, 2.036, .53e-
1], [30., 20.00, 590., 27., 416., 21., 2.084, .133, 2.092, .61e-1], [30., 30.00, 
679., 31., 507., 24., 2.097, .141, 2.112, .64e-1], [30., 40.00, 544., 26., 372., 
20., 2.052, .140, 2.066, .58e-1], [55., 5.00, 737., 57., 482., 28., 2.133, .130, 
2.114, .94e-1], [55., 20.00, 754., 58., 563., 22., 2.137, .120, 2.132, .69e-1], 
[55., 30.00, 842., 52., 529., 16., 2.192, .172, 2.184, .66e-1], [55., 40.00, 841., 
57., 636., 22., 2.164, .130, 2.191, .110], [75., 5.00, 694., 39., 439., 18., 2.088, 
.164, 2.086, .69e-1], [75., 20.00, 591., 72., 529., 7., 2.076, .106, 2.087, .74e-
1], [75., 30.00, 754., 33., 524., 25., 2.142, .150, 2.162, .87e-1], [75., 40.00, 
427., 23., 306., 28., 2.091, .146, 2.111, .88e-1]]): 
> #procedure to create spline surface functions 
splinit:=proc(dat,n) 
  local f,i,j,r,g,k,ganribbon; 
  f := NULL: 
  for i from 0 to linalg[rowdim](dat)/4-1 do 
  r := NULL: 
    for j from 1 to 4 do 
     r := r,[dat[4*i+j,1],dat[4*i+j,2],dat[4*i+j,n]]; 
    od; 
  f := f,[r]; 
  od: 
  f :=matrix([f]); 
    g :=NULL:  for j from 1 to 4 do 
  g:= g,Spline([seq([f[i,j][1],f[i,j][3]],i=1..4)],x) od: 
  [[g],op(f)]; 
  k:=map(unapply,[g],x); 
  
  ganribbon := proc(X,Y) 
   local i,j,t,lst,W,dat,b,f; 
   lst:=[5,20,30,40];  
   dat:=[seq([lst[j],k(X)[j]],j=1..4)];  
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f:= unapply(Spline(dat,t),t);  
f(Y);   
end: 
op(ganribbon); 
  end: 
#applying the procedure to create the six surfaces 
g3:=splinit(gdm,3): 
g5:=splinit(gdm,5): 
g7:=splinit(gdm,7): 
g9:=splinit(gdm,9): 
s3:=splinit(sdm,3): 
s5:=splinit(sdm,5): 
#procedure to plot the data and interpolating spline surface function 
plotspline:=proc(n) 
   local f,i,j,data,grap,opts,sel,dat,fn,tit,tks,vrt; 
   sel:=[3,5,7,9,3,5]: 
   opts:=[[g3,gdm,"Grain Angle",[20,30,40,50],"degs"], 
[g5,gdm,"Grain boundary length",[seq(30+i*40,i=0..4)],"bdry"], 
[g7,gdm,"Grain size",[30,40,50,60],"size"], 
[g9,gdm,"Grain aspect",[1,2,3,4,5],"aspect"], 
[s3,sdm,"Circumferential stress",[200,400,600,800],"stress"], 
[s5,sdm,"Axial stress",[200,400,600,800],"stress"]]: 
 dat:=opts[n][2]: tit:= opts[n][3]: fn:=op(opts[n][1]):   tks:=opts[n][4]: 
vrt:=opts[n][5]:  
   f:=NULL: 
   for i from 1 to linalg[rowdim](dat) do 
   f := f,[dat[i,1],dat[i,2],0],[dat[i,1],dat[i,2],dat[i,sel[n]]]   od; 
   data:=plots[pointplot3d]([f],color=black,symbol=circle,symbolsize=10); 
   grap :=plot3d(fn,15..75,5..40); 
   
plots[display](data,grap,axes=boxed,title=tit,tickmarks=[[15,30,55,75],[5=`.05
`,20=`.2`,30=`.3`,40=`.4`],tks], 
   labels=["er","Feed",vrt],style=surfacecontour);   end:  
> gdm3:=plotspline(1):  
> gdm5:=plotspline(2): 
> gdm7:=plotspline(3): 
> gdm9:=plotspline(4): 
> sdm3:=plotspline(5): 
> sdm5:=plotspline(6): 
>  
>  
sel:=table(["grain_angle"=g3, 
"grain_boundary"=g5,"grain_size"=g7,"grain_aspect"=g9,"circum_stress"=s3,
"axial_stress"=s5]); 
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plotvalue:= proc() 
  global er,fd,gi, pic; 
  er:=Maplets[Tools]:-Get('TF2'): er:=parse(er): 
    if not er >=15 or not er <=75 then Maplets[Tools]:-Set('TF4'="Edge radius 
out of range"); return fi;  
  fd:=Maplets[Tools]:-Get('TF3'): fd:=100*parse(fd):  
   if not fd >=5 or not fd <=40 then Maplets[Tools]:-Set('TF4'="Feed out of 
range"); return fi;  
 gi:=Maplets[Tools]:-Get('TF1'): gi:=parse(gi);  
    if gi=g3  then pic:=gdm3  
    elif gi=g5 then pic :=gdm5 
    
elif gi=g7 then pic :=gdm7 
elif gi=g9 then pic :=gdm9 
elif gi=s3 then pic :=sdm3 
elif gi=s5 then pic :=sdm5 
    
fi; 
 Maplets[Tools]:-Set('TF4'=gi(er,fd));   
   
plots[display](pic,plots[pointplot3d]([[er,fd,gi(er,fd)]],color=red,symbol=circl
e,symbolsize=10)); 
end; 
runMaplet:= proc() 
local maplet2d; 
maplet2d := Maplet( 'onstartup' =  RunWindow( 'W1' ), 
Font['F1']( 'family' = "helvetica",'size'=18,'bold' ), 
Window['W1']( "Surface 
viewer",BoxLayout(vertical=true,background='plum', 
BoxRow( 
Button("Instructions",foreground=red,'font'='F1',onclick=RunDialog('INS1'),v
isible=true,height=30),Button("Done",'font'='F1',foreground=COLOR(RGB,.1
,.6,.1), Shutdown([]))), 
BoxRow(Label("Choose function: ",'font'='F1', 
background='grey',foreground='brown'), 
DropDownBox['TF1'](font='F1',g3,[g3,g5,g7,g9,s3,s5])), 
BoxRow(Label("Edge radius =  ",'font'='F1', 
background='grey',foreground='brown'), 
TextBox['TF2'](width=7,height=1,font='F1',value=20), 
Label("Feed ",'font'='F1', 
background='grey',foreground='brown'), 
TextBox['TF3'](width=7,height=1,font='F1',value=.34)),   
BoxRow(Button("Analyse.  ",font='F1',foreground=blue, Evaluate('PL1' = 
'plotvalue()',waitforresult='false')), 
TextBox['TF4'](width=20,height=1,font='F1')), 
   BoxRow(Plotter['PL1']("",width=450,height=450)))), 
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MessageDialog['INS1'](cat("Select the surface you want to examine, and an 
edge radius and feed you want to compute, then press 
analyse."),title="Surface viewer",type=information)): 
: 
Maplets[Display](maplet2d): 
#end use: 
end proc: 
end use: 
#end module: 
                  runMaplet(); 
> debug(plotvalue); 
                                  plotvalue 
> undebug(`plots/pointplot3d`); 
                              plots/pointplot3d 
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